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CHAPTER I 
 
INTRODUCTION 
 
Favorable strengths, stiffness, thermal conductivities, and lightweight characteristics 
are critical property requirements for materials used for aerospace structure and vehicles. For 
many of these systems, lightweight aluminum alloys such as 2219, 2090, and 2195 are 
currently used. These three alloys were used in vehicles such as those in the Shuttle and Ares 
1-X spacecraft programs and have limited uses in NASA’s Space Launch Systems heavy 
launch vehicle. Some of the problems with these alloys (and or most metals) are that they 
exhibit reduced thermal conductivities at higher temperatures and that they have high densities 
in comparison with those for polymers that could serve as structural replacements.  Lighter 
weight alternatives to these alloys that could also provide superior thermal properties would 
provide immediate benefits in the design and operation of future vehicles. 
 Carbon nanotubes (CNTs) exhibit a remarkable set of electrical, mechanical, and 
thermal properties that offer opportunities for materials design for aerospace and other 
applications.1,2 Their densities are less than half that of aluminum alloys.  While there has been 
extensive research on the properties of CNTs1-13 where they have not reached their full 
potential as additives within composites.2 To access the favorable thermal properties provided 
by CNTs in practical aerospace structures or components, the CNTs will need to be assembled 
into mechanically robust elements that could comprise functional macroscopic structures.  An 
approach would be to incorporate the CNTs within prepreg composite structural elements at 
sufficient quantities to provide significantly improved properties. 
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Highly efficient components are required for heat dissipation and heat exchange within 
the thermal transfer and control systems of many industrial processing and maintenance 
architectures. Relatedly, materials with high thermal conductivities and directional heat 
dissipating paths are an important part of successful interstellar space vehicles. The effective 
development of nanomaterials and technologies with improved thermal conduction and 
transfer characteristics will impact many figures of merit in assembled units, such as 
performance, capacity, reliability, and safety.  The potential impacts of CNT-based composites 
and nanomaterials on the aerospace industry are summarized in Table 1.1 – 1. 
 
Table 1.1–1. Potential impacts of CNT-based composites on the aerospace industry. 
 
 
The advantages provided by SWCNTs as replacements for metal components used for 
thermal transfer in aerospace applications is readily apparent by comparing their physical 
properties.  Table 1.1–2 summarizes the thermal conductivities and densities of various metals 
and compares them to the values for SWCNTs. A number of comparisons between the metals 
and the SWCNTs are worth noting. First, the thermal conductivity of the SWCNTs is higher 
at all temperatures than for any of the metals. For instance, gold is regularly considered a very 
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good thermal conductor; however, the thermal conductivity at 300 K for SWCNTs is more 
than 50 times that of gold. A notable difference between the metals and the SWCNTs is that 
as temperature increases, the thermal conductivity of metals decreases, while the thermal 
conductivity for SWCNT increases.  
  
Table 1.1–2. Thermal conductivities and densities of various metals and SWCNTs. 81,83,84 
 Thermal Conductivity (W/m–K) 
Temperature 
(K) 
Aluminum Copper Gold Iron Platinum Silver Tungsten 
Aligned 
SWCNTs 
100 3.0 4.83 3.45 1.32 0.79 4.50 2.35 58 
200 2.37 4.13 3.27 0.94 0.748 4.30 1.97 158 
300 2.37 3.98 3.15 0.803 0.730 4.27 1.78 215 
400 2.40 3.92 3.12 0.694 0.722 4.20 1.62 235 
 Density (kg/m3) 
300 2699 8930 19320 7870 21450 10491 19300 1550 
 
Table 1.1-2 also shows that the density for the SWCNTs is less than for any of the 
metals. In particular, aluminum is currently used in many aerospace applications as this 
material offers the combination of good thermal conductivity and low density. Notably, the 
SWCNTs have a density that is ~40% lower than for aluminum and they offer a much higher 
thermal conductivity.  By providing both a higher thermal conductivity and a lower density, 
SWCNTs could offer a promising substitute for the present metals used in many aerospace 
applications.  
The ability to develop future high performance composites for thermal management 
applications will rely on the ability to incorporate the exceptional thermal properties of carbon 
nanotubes into existing materials. Systems that could make immediate use of these capabilities 
are heat dissipating components and heat exchangers. Advancements in developing such 
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materials and manufacturing technologies would offer particular benefits for future space 
vehicles due to their weight reduction. 
There are three major challenges existing in my research: (1) the ability to disperse 
CNTs in a solvent for casting, (2) uniformly coating of a composite with a CNTs, and (3) 
measuring the thermal properties of the developed nanocomposites.  CNTs have a tendency to 
form agglomerates and bundles due to the van der Waals attraction between each set of tubes. 
Functionalization, high shear mixing, ultra-sonication, and surfactant wrapping are some of 
the methods employed in the literature to assist in uniformly dispersing nanotubes in a solvent. 
When the thermal properties of the composite are under consideration, functionalization and 
surfactant wrapping disrupt the sidewall sp2 hybridization and reduce the thermal conductivity 
of the nanotubes. Therefore, there is a trade-off between avoiding functionalization of the 
CNTs and achieving good dispersions. Since nanotubes conduct along their length, their 
alignment is additionally important for achieving optimal thermal properties. A good 
dispersion of single-walled carbon nanotubes (SWCNTs) in solution along with modest 
alignment on the prepreg composite are important needs for this research. 
Besides the above mentioned challenges in processing highly conductive composites 
for large scale purposes, their potential as reinforcing agents continues to be a dominant 
motivation for further research in this area. As new applications for CNTs emerge, it is 
necessary to understand the basic thermal behavior of these nano-scaled materials. 
The overall goal of this thesis is to develop carbon nanotube-polymer composites with 
enhanced thermal properties so that they can replace traditional aerospace metallic materials, 
providing the advantage of reduced weight for thermal processing equipment within space 
structures. The organization of this dissertation is as follows: The properties of carbon 
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nanotubes and the factors that influence their thermal properties are discussed in Chapter 2 
along with a brief discussion of polymer nanocomposites and their thermal properties. 
Chapter 3 summarizes the methods used for dispersing the SWCNTs, applying the 
SWCNTs to composite plies, and the laying up the plies into multilayered hybrid composite 
films.  The dispersion of the SWCNTs, their surface coverage on the composite plies, the 
effects of processing, and the characterization of these hybrid composites are detailed.  
Chapter 4 presents measurements of the thermal properties of the hybrid composites. 
Raman spectroscopy and thermogravimetric analysis (TGA) were used to analyze the chemical 
composition and purity of the SWCNTs. Dispersion of the SWCNTs by ultrasonication and 
spraying of the SWCNTs onto an IM7 composite were used in prepared the hybrid composites. 
Thermal measurements were made of the final multilayered structures to determine the thermal 
diffusivity (α), specific heat (Cp), and density (ρ) values of the hybrid composite for 
examination of the influences of SWCNT content and temperature, and for comparison to 
literature values.   
Chapter 5 presents a theoretical analysis on the expected effects of SWCNT 
incorporation on the thermal properties of these hybrid nanocomposites, both as a function of 
the SWCNT volume fraction and temperature. Two models were developed to predict the 
thermal transport (α and λ) properties of the hybrid composites, depending on the CNT 
composition and distribution with the composite.  Further, a finite element model was used to 
examine how changes in the thermal properties of the composite would affect its performance 
within the specific application of the hybrid composite material as a thermal radiator.   
Chapter 6 provides a summary of results for this dissertation along with suggestions 
for future work. 
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CHAPTER II 
 
BACKGROUND ON POLYMER NANOCOMPOSITES AND CARBON 
NANOTUBES 
 
2.1  POLYMER NANOCOMPOSITES 
 
A material that consists of two or more physically or chemically different components 
separated by an interface is called a composite.3 Composites are used to improve current 
designs in high performance aeronautics/aerospace applications such as in space exploratory 
vehicles, with examples including their use in airframes, pipes, heat exchangers, and 
propulsion.4 Composites can be classified based on the manner that the additive is distributed.  
Common types include particulate-reinforced composites, fiber-reinforced composites, and 
laminar composites that differ in how the components are structured.5 The composites prepared 
in this study using SWCNTs as additives were laminar composites and consisted of multiple 
stacked layers.  In general, laminar composites are composed of two or more layers with two 
of their dimensions larger than their third.5 
Polymer nanocomposites are a class of materials where at least one of the dimensions 
of the filler material is of the order of a nanometer.2 The unique combination of the 
nanomaterial's characteristics (size, electrical, thermal and mechanical properties) and the 
abilities for low concentrations of them to change the composite properties has made them one 
of the most sought-after materials for a variety of applications.6   
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Nanoscale composites can yield unique properties by decreasing the composite 
structure down to the nanoscale. Common types of nanomaterials are silica nanoparticles, 
carbon black, carbon nanotubes, and nanofibers. An advantage of using nanomaterials in 
composites is their large surface area. The surface area per unit volume of a nanomaterial 
increases as its smallest defining dimension decreases.7 The majority of the physical and 
chemical interactions between the composite and the materials within it are directed by the 
surface properties.  As a result, surface area can play a major role in defining the properties of 
a composite material. The high surface areas and the presence of quantum effects are two main 
factors that differentiate the properties of nanomaterials from those of other materials.8 The 
focus of this dissertation is the use of carbon nanotubes for enhancing the thermal properties 
of a composite material. The following sections provide overviews of the properties of carbon 
nanotubes, approaches for polymer composite processing, and the techniques used to measure 
thermal properties. 
 
2.2  BACKGROUND ON CARBON NANOTUBES AND THEIR THERMAL 
PROPERTIES 
 
Carbon nanotubes have been investigated across many areas of materials science for 
their unique thermal, mechanical and electrical properties.9-10 Nanoscale carbon tubes were 
first described in the literature almost 40 years ago.9  In 1991 Sumio Iijima of the NEC 
Corporation, when characterizing these tubes by transmission electron microscopy (TEM), 
discovered that their structures consisted of coaxial tubes of graphitic sheets ranging in number 
from 2 to 50 bundles.10 Since then, they have been explored for use in sensors, propulsion 
systems, solar arrays, etc.9-20 
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 Single-wall carbon nanotubes (SWCNT) consists of graphene sheets (graphene being 
the same poly-aromatic monoatomic layer of hexagonally arranged sp2-hybridized carbon 
atoms that stacked together forms graphite) rolled into cylinders with fullerene caps of 
appropriate diameter at their ends (Figure 2.2-1).11 SWCNT have diameters that range in size 
from 0.5 – 2.0 nm and lengths that can be more than a micron. 
 
 
Figure 2.2–1. Illustration of three different SWCNT structures (a) a zig-zag type nanotube, 
(b) an armchair type nanotube, and (c) a helical (chiral) type nanotube. From Reference 11. 
 
As a consequence of having small defects along their cylindrical topography, SWCNTs 
exhibit large mean free paths that result in their high thermal conductivity.11    Theoretical 
values for their thermal conductivity are as high as 6000 
𝑊
𝑚−𝐾
 while measurements across single 
MWCNTs have been reported as high as 3000 
𝑊
𝑚−𝐾
 .12-14 The thermal conductivities of polymer 
composites have been increased by incorporating dispersions of carbon nanotubes; however, 
the observed increases have been slight because phonon transfer between the added CNTs in 
the composites was poor.15-16 For the system explored in this dissertation, SWCNTs were 
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added as layers to the composite using dispersions of different concentrations.  The SWCNT 
content in the composite was sufficiently high to allow for phonon transfer between the 
incorporated CNTs and increase the thermal conductivity of the overall composite structure.  
 
2.3  CARBON NANOTUBE PRODUCTION 
 
Carbon nanotubes have been synthesized mainly by three techniques: electric arc 
discharge, laser ablation, and chemical vapor deposition (CVD).  The electric arc discharge 
technique vaporizes carbon in the presence of a catalyst (iron, cobalt, yttrium, boron, 
gadolinium, etc.) under an atmosphere of helium or argon.11 The resulting products contain 
various graphitic structures, and a purification procedure is needed to obtain high purity CNTs. 
This process produces research grade CNTs and is not used commercially. 
Laser ablation is another technique in which a graphite target is vaporized with a high 
energy laser and products are retained on a water-cooled copper collector.11 This technique 
yields MWCNTs with lengths of 300 nm.11 Nickel and cobalt are catalysts that can form 
SWCNTs along with MWCNTs.11 Extensive purification of the products is required to produce 
pure CNT materials and the process yields only small batch quantities. 
Chemical vapor deposition (CVD) is the most common technique for producing carbon 
nanotubes. CVD involves the flow of a precursor gas or gases into a chamber containing one 
or more heated objects to be coated.17 Chamber temperature of 200 – 1600 °C and plasmas, 
ions, photons, lasers, hot filaments, or combustion reactions are used to vary the deposition 
rate.16 Metal particles can be introduced in the vapor phase through the decomposition of 
metal-containing species such as ferrocene18 or iron pentacarbonyl.19 To promote CNT growth 
during CVD, catalyst materials are introduced to the chamber to aid in this process. Metal thin 
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film deposition on silicon substrates has become a common method for creating precise 
thicknesses of films that can then be heated to form metal nanoparticles appropriate for carbon 
nanotube growth. Modifying the thickness of the catalyst film affects the particle size and 
distribution.20 CNTs produced by this method range in length from tens of microns to 
millimeters. The SWCNTs that were used in this dissertation and obtained from US Research 
Nanomaterials, Inc. (Houston TX) were produced by a CVD process. 
 
2.4 METHODS FOR DISPERSING CNTs 
 
Uniform distribution and a good dispersion of the reinforcements are requirements for 
the high performance of hybrid composites.33 Dispersion refers to the allocation of the 
reinforcement within the matrix, whereas the distribution indicates the breaking of the 
aggregates into small sizes.33 An adequate distribution does not necessarily mean a good 
dispersion, as is illustrated in Figure 2.4–1 for the cases of differing levels of distribution and 
dispersion. Figure 2.4–1a shows a case of poor distribution and poor dispersion, while Figure 
2.4–1b shows a case where the particles are well dispersed but remain poorly distributed. 
Figures 2.4–1c and 2.4–1d show systems having good distribution, but differing in their 
dispersion.  In general, it is difficult to achieve a good dispersion of CNTs due to their large 
surface area; however, there are techniques available to break up these aggregates. Some of 
these techniques include ball milling,33,40 high shear mixing,33,43-45 and ultrasonication.46-49 In 
this dissertation, I formed a dispersion of the SWCNTs in isopropyl alcohol (IPA) that was 
then applied to IM7 to generate the IM7/SWCNT composites described in this thesis. 
Ultrasonication was used to disperse the CNTs in the IPA4. 
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Figure 2.4–1. Illustration from Reference 33 of (a) poor distribution and poor dispersion, (b) 
poor distribution but good dispersion, (c) good distribution but poor dispersion and (d) good 
distribution and good dispersion. 
 
Ultrasonication is one of many tools that can be used to break up CNT aggregates into 
finer structures for use in solution processing. The sonication of nanotubes in a solvent involves 
exciting the solvent at a fixed energy rate to break up the nanotube bundles through acoustic 
cavitation. This action causes microscopic bubbles that expand during the negative pressure 
and results in energy being released at the focus point yielding powerful shearing action. This 
procedure takes microseconds and the amounts of bubbles are minimal; however, the energy 
required is exceptionally high. Several investigations have been done on the effects of 
sonication energy, ultrasonic frequency, time, and the effects of liquid properties for 
production and CNT dispersions.42-45 
A suitable method for fabricating polymer nanotube composites has been to disperse 
the nanotubes and polymer in an applicable solvent before evaporating the solvent to form a 
composite film. It should be noted that this method relies on the effective dispersion of 
nanotubes in the solvent and the ability to completely evaporate the solvent. Lau et al. 
evaluated the role of solvent for nanotube dispersion on the mechanical and thermal properties 
12 
 
of SWCNT bundle reinforced epoxy composites.54 The SWCNTs were dispersed using various 
solvents and incorporated into an epoxy matrix with sonication. Differential scanning 
calorimetry (DSC) results indicated that even small traces of residual solvent in the composite 
processing had a great impact on the cure reaction.54 The thermal and mechanical properties 
of CNTs were also found to be related to the boiling point of the solvent used.54 Using 
ultrasonication in toluene, Safadi et al. also uniformly dispersed MWCNTs to incorporate them 
into composites without the need for any chemical pretreatment.55 The MWCNTs in their 
dispersions were found to align at the different shear rates that were generated by their 
employed spin casting process.55 Isopropyl alcohol was chosen for the present investigation as 
other researchers have used this solvent successfully to disperse their CNTs,33-34 it is readily 
available, and its use poses a low safety risk in the laboratory. 
 
2.5 PREPREG COMPOSITES 
 
Prepregs (also known as pre-impregnation) are fiber-reinforced resins that cure under 
heat to form exceptionally strong yet lightweight components.56 The role of the thermoset resin 
in the prepreg is to support and bond the fibers together in the composite material so to maintain 
their position and orientation in the final cured form. 
The thermoset cure mechanism and the role of the components used to prepare a matrix 
are represented below. As an example, the cure can include pre-polymers with multiple epoxy 
groups whose reactive sites join together and form chains and crosslinks (Figure 2.5–1).  In 
practice, the system may include a number of constituents, and the overall cure process can be 
complex. When this process is complete, a fully cured polymer is produced. 
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Figure 2.5–1. Curing process for a thermoset resin. (a) Reactive components. (b) Additives 
(may be reactive or inert). (c) Components are mixed together. (d) Chemical reaction links 
the components. (e) As a 3D network forms, the matrix gels and then hardens.  (f) Additives 
localize within the 3D network. This figure was taken from Reference 56. 
Special tooling is needed to lay up the prepregs into components.  Tool design plays an 
important role in this process. As an example, Hexcel has designed a simple, stable tool (Figure 
2.5–2) that can apply uniform pressures to the composite plies and maintain their position 
during the curing process.  During the cure, the temperature is ramped up and held isothermally 
for a certain period of time where the composites are ramped at finite temperatures until the 
cure cycle is completed.  This technique is called press-cured and is used to release any thermal 
and/or mechanical stresses in the composite.  An example of a rolled prepreg composite is 
shown in Figure 2.5–3.  
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Figure 2.5–2. A tool design used at Hexcel. This figure is taken from Reference 56. 
 
 
Figure 2.5–3. Photo of a spool of graphite-epoxy tape taken from Reference 5. 
 
In this study, a hand lay-up was used.  This manual/non-automated lay-up process has 
been used for preparing many types of fiber-reinforced prepregs (glass, carbon, kevlar) 
containing unidirectional and woven reinforcements of various widths.56  
The type of prepreg composite used in this dissertation was a polyacrylonitrile (PAN) 
thermoset resin composite impregnated with IM7 carbon fibers that provide it with exceptional 
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mechanical properties.56 This type of prepreg composite was chosen for this investigation 
because many structures such as airplanes to satellites make use of these types of composites.  
The ability to improve the thermal properties of this composite material would allow their 
potential replacement of metallic alloys that are used for their combination of favorable 
structural and thermal properties. 
Within the prepreg, the IM7 fibers provide the composites with high tensile strength, 
modulus, and shear strength, and allow structural designers to achieve higher safety margins 
for stiffness and strength for critical applications.56 A major drawback of composite fibers for 
broader applications is their low thermal properties as there is a trade-off between having good 
thermal properties and weak mechanical properties. For many heat transfer applications, 
improvements in the thermal properties of a composite are highly desired even with some loss 
in their mechanical properties. This dissertation focuses on the effects that the addition of 
SWCNTs have on thermal properties of an IM7 prepreg composite (specifically on IM7-8552-
1). 
With regard to the thermal properties of the IM7 prepreg composite, it is an anisotropic 
material obtained as sheets and has different thermal properties along the in-plane (3.36 W/m–
K) and through-thickness (0.62 W/m–K) directions.  This composite contains carbon fibers 
that are oriented with their long axes in directions parallel to the surface of the sheets.  The 
higher value for the composite's in-plane thermal properties reflect that energy can be 
transferred along the impregnated fibers more easily than from fiber to fiber or through the 
surrounding material. The observed result is that heat transfer is more rapid in the directions 
parallel to the surfaces of the composite sheets (i.e., in-plane) than in the direction 
perpendicular (i.e., through-thickness) to the sheet surface.  For the SWCNT-containing 
composites, both the in-plane and through-plane thermal conductivities are of interest; 
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however, only the latter were accessible experimentally by available instrumentation.  As a 
result, the in-plane thermal conductivities for the SWCNT-containing composites were instead 
estimated using a model whereby the thermal conductivity values for the SWCNTs and the in-
plane properties for IM7 are used along with structural information about the content and 
distribution for the added SWCNTs.  The theoretical basis for this approach is detailed in 
Section 5.1.  The supporting measurements of the SWCNT content and of the through-
thickness thermal measurements used to infer the SWCNT distribution for these calculations 
are provided in Chapter 4. 
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CHAPTER III 
EXPERIMENTAL METHODS FOR TESTING SWCNTS AND SWCNT/POLYMER 
NANOCOMPOSITES 
 
3.1 RAMAN SPECTROSCOPY 
 
Raman spectroscopy provides a useful characterization tool for carbon-based materials, 
showing different characteristic spectral features for sp3, sp2, and sp carbons, as well as for 
disordered sp2 carbons, fullerenes, and CNTs.32 All carbon forms in a structure contribute to 
the Raman spectra in the range of 1000 to 1700 cm-1.  The spectra for carbon nanotubes exhibit 
a two-banded feature in this region with peaks at ~1300 cm-1 (D-band) and ~1600 cm-1 (G-
band).33 The G band is a tangential shear feature resulting from graphitic carbon atoms in the 
nanotubes.35 The D-band is derived from defects in the carbon network that cause elastic 
scattering in order to conserve momentum.35 These D-band defects are due to phonon-defect 
scattering which yields two Raman peaks of slightly different energies (Figure 3.1–1).35 
Together, the relative intensities for the G and D bands allow evaluation of the amorphous 
components or defects present within a carbon nanotube sample for assessing sample purity.  
From Raman spectra, the quality of CNTs can be measured by comparing the D to G band 
intensity or the D to G’ (~2500 cm-1) intensity.35 If the ratio between the G and D bands is 
greater than 9:1, the spectra indicate high  purity CNTs.  Changes in the D-band and G' band 
Raman spectra can be used for materials characterization and to monitor structural 
modifications to the nanotube sidewalls that come from the introduction of defects (i.e. by 
sonication) or by the attachment of different chemical species, (i.e., via functionalization).34-39  
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The positions of the radial breathing modes (RBMs) can indicate the presence of carbon 
nanotubes in a sample as the spectrum for graphite does not show these spectral absorptions.35 
The RBM absorption frequencies occur between 120 and 350 cm-1 for SWCNTs corresponding 
to diameters between 0.7 and 2 nm, where the frequency of this feature is inversely 
proportional to the tube diameter.33 Good quality SWCNTs generally contain minimal defects 
and exhibit absorption frequencies for the RBMs that correlate to these smaller diameters. 
Moreover, if the SWCNTs have a high density of defects (i.e., are of bad quality), the RBM 
absorption frequencies will correlate to structures with larger diameters, where such sizes can 
suggest a low content of SWCNTs and instead the presence of larger double-walled or multi-
walled CNTs.    
 
 
Figure 3.1–1. Raman spectra of CNTs from Reference 34. 
 
 
G 
G’ 
G G’ 
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3.2 THERMOGRAVIMETRIC ANALYSIS 
 
Thermogravimetric analysis (TGA) is an experimental technique that measures the 
weight changes that occur as a specimen is heated.  This method can be used to determine the 
thermal stability of a material as well as the presence of volatile components in a sample. TGA 
can be also used to measure the purity of SWCNTs, DWCNTs, and MWCNTs as these 
materials undergo complete loss at elevated temperatures. Figure 3.2–1 shows TGA curves for 
three types of unpurified SWCNTs through the same heating profile. As these scans show, the 
SWCNTs are burned away and those with greater impurity content leave behind more residual 
material and exhibit lesser changes in mass.35   
 
 
 
Figure 3.2–1. TGA profiles for three SWCNT materials of differing purities.35 The heating 
rate was 10 °C/min in air. The lesser drops in weight correspond to the specimens that 
contained greater contaminant amounts. Differential traces are also included in the figure. 
 
Most contaminated 
Less contaminated 
Least contaminated 
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3.3 DIFFERENTIAL SCANNING CALORIMETRY 
 
Differential scanning calorimetry (DSC) is the most widely used of the thermal analysis 
techniques.29 DSC is a well-established measuring technique that is used broadly in many areas 
of research, development, and quality inspection and testing.29 By performing DSC over a large 
temperature range, thermal effects can be quickly identified. The relevant temperatures and the 
characteristic caloric values can be determined using substance quantities of only a few mg.29 
The measured properties by DSC include heat capacities, heats of transitions, kinetic data, 
sample purity, and temperatures of glass transitions.29 DSC serves in the following capabilities: 
identifying substances, measuring phase diagrams, and determining the degrees of 
crystallinity. 
DSC is performed by an instrument that measures the temperature difference between 
the sample and a reference specimen as a function of temperature and time.29 DSC has 
advantages compared to conventional calorimetry in that its dynamic mode of operation 
(“scanning”) allows reactions or processes to be investigated that can be thermally activated, 
and has high sensitivity to anomalies of the temperature-time function.29  
The specific heat (Cp) can be measured two ways by DSC.  The traditional 
measurement of Cp, as outlined in ASTM E1269, requires three separate experiments for 
baseline, calibration, and sample analysis.87 An alternative method is a modulated DSC® 
(MDSC) experiment, where modulation of the sample temperature permits the heat flow to be 
split into two components, one thermodynamic that is dependent upon the sample’s Cp and the 
other kinetic reflecting nonreversible changes to material.87 In a further refinement, developers 
have provided an approach for determining Cp in a single run by measuring the reversing heat 
capacity.88 This method is more precise and reproducible and validates Cp faster in a DSC 
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single-run approach than the ASTM E1239 approach.88  Add comment on which approach you 
will use.  Which method is used for the DSC studies detailed below?  Some case studies on the 
use of DSC for probing the thermal properties of CNT-containing materials are presented 
below. 
Kappagantula et al. used DSC to measure the thermal transport properties of aluminum-
polytetrafluoroethylene nanocomposites that contained various graphene and carbon nanotube 
additives.30 Their results showed that the addition of graphene had the greatest influence on 
improving the composite’s thermophysical properties. For instance, the thermal conductivity 
of the composites containing 10% graphene increased by 98%.30 Graphene similarly enhanced 
the thermal diffusivity and specific heat of the Al/Teflon matrix.  In contrast, on a per gram 
basis, the addition of nano-carbon and carbon nanotubes to the composites decreased the 
thermal conductivity and thermal diffusivity of the samples.30 Kappagantula et al. offered 
explanations ranging from the lack of orientation of the CNTs in the polymer to a lack of 
uniformity for the dispersed additives in the matrix.  
In another relevant study using DSC, Evseeva et al. examined the influence of the 
concentration of carbon nanotubes in an epoxy/CNT nanocomposite on its thermophysical 
properties at low temperatures.31 They varied the concentrations of SWCNTs and MWCNTs 
from 0.1 to 1.0 wt% in the composites and characterized their thermal properties at 
temperatures from -150 to 150 °C.31  Figure 3.3–1 shows the temperature dependence for the 
specific heat of various epoxy nanocomposites with different additives over the temperature 
range of -150 to 150 °C.31 At temperatures below 25 °C, Cp values for the nanocomposites 
were roughly the same as the native epoxy resins within experimental error.31 This lack of 
difference is not surprising given the low loading levels of the additives and the similar Cp 
values for the additives and the epoxy resins over the explored temperature range.31 
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Figure 3.3–1. Specific heats (Cp) of various epoxy nanocomposites with 0.1 wt% loadings of 
additive as affected by temperature T.  Additives include MWCNT (◊); SWCNT (X); an 
aerosol resin (Δ) and a  ■ – native epoxy resin. From Reference 31. 
 
Evseeva et al. also examined the effect of additive concentration on the thermal 
properties of the epoxy nanocomposites.  Figure 3.3–2 shows the effect of temperature on the 
specific heats of various SWCNT-epoxy nanocomposites over the temperature range of -150 
to 150 °C.31 The sample differed in their loading levels of the SWCNTs.  For temperatures 
below 25 °C, the Cp values for the nanocomposites and the epoxy resin were roughly the same 
within experimental error.31 The difference observed between 50 – 120 °C maybe due to a 
change in the glass transition temperature of the epoxy resin by the SWCNTs. With the addition 
of fillers (nanocomposites) to the epoxy, the epoxy morphology will change resulting in 
changes to the specific heat of the resin at the higher temperatures. The general trend is that 
the specific heats of the epoxy resins and the nanocomposites were similar as the investigated 
SWCNT levels were low (up to 1.0 wt%).31 
Cp, (J/kg-K) 
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Figure 3.3–2. Specific heats (Cp) of various SWCNT-containing epoxy nanocomposites as 
affected by temperature T. SWCNT concentrations were 0 (■), 0.1 (▲), 0.5 (X) and 1.0 (Δ) 
wts%. From Reference 31. 
 
Evseeva et al. performed a similar study on the effects of loading on Cp by adding 
MWCNTs to the epoxy resin.  Figure 3.3–3 illustrates the temperature dependence of Cp for 
various MWCNT-epoxy nanocomposites over the temperature range of -150 to 150 °C.31 As 
with the SWCNTs (Figure 3.3-2), the addition of MWCNTs to the epoxy resin at levels of up 
to 1 wt % showed no effect on Cp for temperature below ~50 °C.  At higher temperature, other 
effects were noted reflecting changes to transition temperatures for the epoxy resin.  
Specifically, as the MWCNT concentrations increased, the transition temperatures of both the 
glass transition state, Tg, and the high-elasticity states decreased significantly.
31 This is most 
likely due to the fact that MWCNTs have a lower Tg than the epoxy resin; whereas, as you 
increase the volume fraction of the MWCNTs (adding a filler material to the resin), there will 
be a noticeable shift in the Tg. At 1.0 wt%, the researchers noticed the largest decrease in Tg, 
Cp, J/(kg-K) 
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where Tg for the 1.0 wt% MWCNT sample occurred at 50 °C which is 30 °C lower than for 
the pure epoxy resin.31   
 
 
Figure 3.3–3. Specific heats (Cp) of various MWCNT-containing epoxy nanocomposites as 
affected by temperature T.  MWCNT concentrations were 0 (■), 0.1 (X), 0.5 (○), and 1.0 (Δ) 
wt%. From Reference 31. 
 
The changes to Tg by the addition of MWCNTs were greater than for the addition of 
SWCNTs.  The MWCNTs have a higher density and a smaller surface area than the SWCNTs 
and these factors affect the interfacial surface between the nanofillers, the binders, and the 
CNTs. These interactions are greater in the SWCNT composite structure than the MWCNT 
composite at the same loading concentration.31 In short, the influence of interfacial interaction 
is more pronounced at small filler concentrations in the composite with SWCNTs.31 The total 
effect of the restricted molecular mobility in the boundary layer decreased the packing density 
of the macromolecules; whereas, lowering the packing density of the macromolecules in the 
Cp, J/(kg-K) 
25 
 
boundary layers of the polymer matrix and filler increased the mobility of the polymer 
macromolecules and overall decreased the Tg.
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3.4  THERMAL DIFFUSIVITY 
 
The thermal diffusivity, α, of a material is defined as its thermal conductivity divided 
by the product of its density and heat capacity per unit mass (
𝜆
𝜌∗𝐶𝑝
).21 In this definition, the 
thermal conductivity, λ, of a material is a measure of the steady-state heat flow rate through a 
unit thickness of an infinite slab of homogeneous material in a direction perpendicular to its 
surface, as induced by a unit temperature difference.21 This property is identified at a specific 
mean temperature, since it varies with temperature.21 
The flash technique has become a standard testing method for thermal diffusivity. The 
original model for the flash method to measure the thermal diffusivity of a material was first 
introduced by Carslaw and Yeager.22-23 Their original equation can be reduced for assumptions 
of a homogeneous specimen, one-dimensional conduction, an impulse input, adiabatic 
boundaries and isothermal conditions to yield a simple relation:23 
 
𝛼 =  
0.13879∙𝐿2
𝑡1/2
 
𝑐𝑚2
𝑠
                                         (1) 
 
where L is the thickness for a one-dimensional heat transfer, and t1/2 is the time to half-
maximum rise.21 
In the flash technique, the sample as a circular disk of a known thickness (typically 
ranging between 1 and 6 mm) is used.21 A laser pulse provides a short burst of energy to the 
26 
 
front face of the sample as shown in Figure 3.4–1.21 A detector is used to record the initial 
temperature of the rear face of the sample and its changes as a function of time.21 Typical 
temporal changes of ~3°C are used to determine a “half-max-time” that is used for calculating 
a thermal diffusivity (Figure 3.4–2).21  It is common practice to coat the front and rear faces of 
the specimens with a conducting layer of graphite or silver paste to ensure that the energy pulse 
is absorbed at the surface.24 
 
Figure 3.4–1. Specimen schematic of the flash method.  Taken from Reference 21. 
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Figure 3.4–2. Characteristic thermogram for the flash method from Reference 21. 
 
For materials that are highly conductive and unavailable as thick samples, an in-plane 
(parallel to the contact surface) method is used. Here, energy is deposited at one spot of a 
specimen to generate a changing temperature profile along the surface.25 This method can yield 
complex heat flow patterns in the sample that can lead to uncertainties of about ~10% in such 
measurements.25 To provide better control, the pulse is deposited in a ring-shaped area on one 
side of a sample and the measurement is made on the opposite side at the center of the ring.25 
Here, the heat flow penetrates the thickness of the sample and must progress radially in a 
cylindrical volume towards the center of the specimen.25 Due to quasi-focusing of the heat 
wave on the center point, the signal is stronger than from a linear heat path.25 Further, the heat 
flows away from the outer perimeter of the ring and acts as a shield for the area of interest from 
outside effects.25 In-plane techniques are often done at room temperature to minimize the 
development of further complexities to the heat flow patterns by external influences. 
Various in-plane and through-thickness techniques have been used to determine the 
thermal diffusivity of many highly conductive nanocomposite materials.  Veca et al. fabricated 
graphite into nano-sized carbon structures that were used as fillers in polymeric epoxy 
t1/2 
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nanocomposites to achieve ultrahigh thermal conductivites.26 For their samples, they used 
sequential alcohol and oxidative acid treatments and characterized the nanocomposites with 
transmission electron microscopy, Raman spectroscopy, and x-ray diffraction. The thermal 
diffusivity for films of blank epoxy was 0.12 mm2/s.26-28  For comparison, by varying the 
volume fractions of the carbon nanosheets in the polymeric nanocomposite, they produced 
films that exhibited in-plane thermal diffusivities of as high as 20 - 35 mm2/s by incorporating 
approximately 40% CNTs to their epoxy.26 
Krapez et al. performed related in-plane and through-thickness measurements on non-
homogeneous slabs of carbon/carbon-silicon carbide (C/C-SiC) tensile composite materials.27 
When they applied a thermal pulse, they measured the ratio of the Fourier transform of the 
temperature at two different spatial frequencies and obtained an exponential function that could 
be characterized in the parallel or perpendicular directions. They also observed that when the 
C/C-SiC stresses increased, the in-plane thermal diffusivity decreased linearly. Their results 
correlate with the fact that for certain ceramic matrix composite materials, the density of small 
cracks progressively increases with stress until failure. 
Zamel et al. investigated the in-plane thermal diffusivity of carbon paper with the 
addition of Teflon.28 For their samples, Teflon loadings were chosen to comprehensively 
understand the effects of temperature on thermal conductivity.  The materials were investigated 
for use as polymer electrolyte membranes within fuel cells and must operate under various 
thermal conditions.  For all specimens, they observed that their thermal properties decreased 
with increasing temperature. Further, the addition of as little as 0.5 wt% Teflon to the carbon 
paper resulted in a decrease in the thermal conductivity of the specimens. With the added 
Teflon, the thermal conductivity for these samples decreased from 12.5 ± 0.9  W/m-K for the 
virgin material to 10.6 ± 0.7 W/m–K  for the 0.5 wt% material. 
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For CNTs, their in-plane and through-thickness thermal diffusivities change little with 
temperature. In research done by Mäklin et al., they performed thermal diffusivity experiments 
on aligned multi-walled carbon nanotubes using the previously mentioned flash method.80 In 
their work, they measured the thermal diffusivities of as-grown and annealed MWCNTs 
between 25 and 200 °C. The CNTs exhibit lower thermal diffusivities for their annealed 
MWCNTs than for their as-grown MWCNTs  (Figure 3.4–3), and showed slightly lower 
thermal diffusivities at higher temperatures. With annealing, the thermal diffusivity values 
decreased to about half of their values measured before annealing  (from ~0.45 to ~0.22 cm2/s). 
Notably, the thermal diffusivities of both the as-grown and annealed MWCNTs were lower 
than for aluminum alloy (~0.6 cm2/s) and copper (~1.1 – 0.9 cm2/s) samples tested over the 
explored temperature range. In short, their study showed that the thermal diffusivities for 
MWCNTs can be influence by processing conditions; however, their thermal diffusivity values 
are relatively constant throughout their explored temperature range. 
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Figure 3.4–3.  Thermal diffusivities of as-grown MWCNTs, annealed MWCNTs, and 
reference copper and aluminum alloy specimens between 25 and 200 °C from Reference 80. 
 
The thermal conductivity of a SWCNT sample can depend on the degree to which the 
direction of measurement matches the orientation of the SWCNTs.  As an example, Figure 3.4-
4 from Han et al. shows the difference that SWCNT alignment has on thermal conductivity.81  
In their work, these authors measured the thermal conductivities of free-standing networks of 
aligned and randomly oriented SWCNTs from 10 to 400 K. For the aligned networks, the 
thermal measurements were made in the direction of SWCNT orientation.  For both the aligned 
and randomly oriented samples, thermal conductivity increased with increasing temperatures; 
however, they observed that the thermal conductivities for the aligned SWCNTs were ~10 
times greater than for randomly oriented SWCNTs (Figure 3.4–4) at all temperatures.  These 
higher conductivity values highlight the level of improved thermal transfer that can be gained 
by controlling the local microstructure of the SWCNT additives. For comparison, the samples 
presented in this dissertation contained layers of non-aligned SWCNTs within the 
Copper 
Al - alloy 
1.5mm and 1.9 mm 
as grown MWCNT  
1.5mm and 1.9mm 
annealed MWCNTs 
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IM7/SWCNT composites.  While the added SWCNTs produced improvements in thermal 
conductivity to the IM7, additional gains beyond those observed in this work are likely possible 
by aligning the SWCNTs in a direction of interest within these samples.  Such experiments 
could be a direction for future work. 
 
 
Figure 3.4–4. In-plane thermal conductivities of 5 μm “thick” annealed samples of aligned 
and un-aligned SWCNTs measured by Han et al.81 
 
 The effect of the mixing SWCNTs into a pre-preg composite was investigated by Yoo 
et al.  In their work, they air-sprayed SWCNT that had been functionalized with carboxylic 
acids on their surface onto IM7-977 prepreg composites.82 The employed IM7-977 resin 
system is a PAN thermoset resins that is related to the IM7-8552-1 pre-preg used in this 
dissertation, but having a lower density (1310 kg/m3), different woven patterns, and requiring 
different conditions for curing.86 In using their air-spraying method, Yoo et al. found that the 
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SWCNTs formed thin bands between the carbon fiber layers and did not infiltrate deep into 
the composite plies due to the low resin flow during cure.82 Table 3.4–2 provides the Cp, 
through-thickness thermal diffusivity, and thermal conductivity data for their 0, 1, and 2 wt% 
SWCNT specimens. From these results, Yoo et al. concluded that there was no significant 
increase in the through-thickness thermal conductivity measurement by the addition of 
SWCNTs at these loadings. However, in my experiments, an increase in the thermal 
conductivity of ~20 to 30% is demonstrated using my spray method by using higher loadings. 
The Cp of CNTs used Yoo’s experiments were similar to those (within experimental error) for 
the SWCNTs added to my samples.  In contrast to the work by Yoo et al., my approach using 
a related air spraying method was able to improve the through-thickness thermal conductivity 
of hybrid composites by achieving higher SWCNTs loadings. 
 
Table 3.4–1. capacities, through-thickness thermal diffusivities, and through-thickness 
thermal conductivities of SWCNT/IM7-977 prepreg composites from reference 82. 
SWCNT 
 wt% 
Cp  
(J/kg-K) 
Thermal  
Diffusivity  
(mm2/s) 
Thermal 
Conductivity    
(W/m-K)  
0 942 0.476 0.701  
1.0 942 0.469 0.682  
2.0 942 0.488 0.704 
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3.5 MODELING OF THE THERMAL PROPERTIES OF CARBON NANOTUBE-
POLYMER COMPOSITES 
 
Many researchers have attempted to model the thermal properties of composites and 
CNT/polymer composites.  Zhou et al. were able to measure and model the enhancements to 
the thermal conductivity of natural flake graphite/polymer (NFG/polymer) composite sheets 
caused by adding carbon black, CNTs, and graphene as nano-fillers.58 Zhou et al. reported an 
improvement of thermal conductivities of up to 24% by the addition of CNTs at 10 wt% and 
of 31% by the addition of graphene at 10 wt%.  They were able to model this improvement 
based on a bridging mechanism of the thermal contacts between the composite and the 
additives. 
Lee et al. modeled the thermal conductivities of short fiber composites in the in-plane 
(parallel) and through-thickness (perpendicular) directions with the use of models designed by 
Benveniste and Miloh and Eshelby.59 Their model consisted of changing the short fiber 
composites to shapes such as spheres and continuous fibers by changing the confocality 
variable. The confocality variable is a special variable that allowed the authors to change the 
theoretical parameters from small composite fibers into spheres. Making modifications to this 
parameter, they were able to correlate their predictions to experimental results in the literature 
on the effects of fiber aspect ratio and fiber volume fractions on thermal conductivity. 
Wang et al. modeled the enhancement of the thermal conductivity in carbon fiber-in-
polymer composites using a three-dimensional numerical method.60 Their model agreed well 
with experimental data from the literature. They claimed that their method does not depend on 
determining empirical parameters (e.g. temperature, steady state heat flux, cross-sectional area, 
length of the carbon fibers and the thermal conductivity) on a case-by-case basis.  Instead, 
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users of this method can design and optimize their properties with respect to the fiber aspect 
ratio, orientation angle, and volume fraction on the thermal conductivity of polymer 
composites. 
Grujicic et al. modeled the experimental data for carbon-CNT constituent materials 
using a three-dimensional stationary heat-transfer finite element analysis that computed the 
average in-plane (parallel) and through-thickness (perpendicular) thermal conductivities in 
carbon-carbon composites.61 At room temperature, their predictions correlated well with the 
results from literature experimental results where variations in fiber aspect ratio and fiber 
volume fractions affected thermal conductivity. They also claimed that at high temperatures, 
their model predicts the extent that contributions to the gas-phase conduction and radiation 
within the microstructural defects can increase the in-plane (parallel) thermal conductivity in 
composites. 
In the research detailed in this dissertation, I performed a 3D finite element analysis of 
a layered composite structure with thermal properties as specified from the experimental 
results. The model consisted of hex elements (6-sided blocks, i.e. cubes) that each locally had 
properties consistent with the hybrid composites that were fabricated. In these structures, the 
carbon nanotube layers were assumed to have isotropic properties while the IM7 layers had 
non-isotropic properties to account for the differences in conductivity in the lateral (parallel) 
and through-thickness (perpendicular) directions. In Chapter 5, the simulations had heat loads 
applied to opposing sides of the composite to examine the temperature distributions and flow 
of heat through the structure.  The results from this simulation are compared to the related case 
lacking the addition of the SWCNTs.   
In addition to the above mentioned finite element analysis, a model was developed to 
describe the competing influences of the components in the composite using a combination of 
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series (through-thickness) and parallel (in-plane) resistances for the SWCNT and the IM7 
composite regions in a ply.  The predictions of this model are tested in Chapter 5 against the 
experimental results presented in Chapter 4. 
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CHAPTER IV 
PROPERTIES OF CARBON NANOTUBE-POLYMER COMPOSITES 
 
4.1 SWCNT CHARACTERIZATION 
 
SWCNTs were obtained and used as received from US Research Nanomaterials, Inc. 
(Houston TX). The SWCNT were characterized by thermogravimetric analysis (TGA), Raman 
spectroscopy, and differential scanning calorimetry (DSC) to confirm their integrity before use 
in composites.  
 TGA is an analytical technique used to determine a material’s thermal stability and its 
volatile content by monitoring the weight change that occurs as a specimen is heated.  TGA 
can be used to test the purity of SWCNTs. As shown in Figure 4.1–1, the SWCNTs obtained 
from US Research Nanomaterials, Inc. exhibited a TGA profile that was consistent with that 
reported by Chiang et al. for highly pure SWCNT specimens.62,85  In preparing their SWCNTs, 
Chiang et al. used a high pressure carbon monoxide (HIPco) process that produced ~1 nm 
diameter size nanotubes.85 The SWCNTs obtained from US Research Nanomaterials, Inc. 
showed a temperature range between 400 °C – 600 °C where weight loss occurred, similar to 
that observed by Chiang et al. for their SWCNTs (Figure 4.1–1). Based on the similarity in 
their TGA behavior, I concluded that the SWCNTs obtained from US Research Nanomaterials 
were of high quality and appropriate purity for my composite experiments. 
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Figure 4.1–1. (a) TGA of US Research Nanomaterials, Inc. SWCNTs. (b) TGA reported by 
Chiang et al. of SWCNTs prepared using a high pressure carbon monoxide 
disproportionation (HiPco) process. SWCNTs were heated in air to 800 °C at 5 °C/min .85 
 
Raman spectroscopy is a non-destructive method commonly used to investigate 
CNTs.53,63-78  Figure 4.1–2 shows a Raman spectrum obtained from the SWCNTs used in this 
0
20
40
60
80
100
0 200 400 600 800
W
e
ig
h
t 
R
e
m
ai
n
in
g 
%
Temperature (C°)
(a) 
 
W
ei
g
h
t 
R
e
m
a
in
in
g
 %
 
 
(b) 
38 
 
work. This spectrum shows intensities for the radial breathing modes (RBMs), and the D, G, 
and G’ bands at 200, 1300, 1500, and 3000 cm-1, respectively, that are consistent with the 
diameter of the nanotubes being between 1.0 and 2.5 nm.33 For comparison, a Raman spectrum 
of purified SWCNTs from work by Parás-Peña is shown in Figure 4.1–3.33 Based on the 
similarities in the intensity patterns and positions for peaks in the Raman spectra in Figures 
4.1–2 and 4.1–3, I concluded that the SWCNTs used in this work had properties consistent 
with those in the literature. 
 
 
Figure 4.1–2. Raman spectrum of the SWCNTs used in this work. 
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Figure 4.1–3. Raman spectrum of purified SWCNTs obtained by Parás-Peña33 that is 
provided for comparison. 
 
4.2  FORMATION OF SWCNT COATINGS ON IM7 PREPREG COMPOSITES 
 
IM7-8552-1 (which throughout this thesis I refer to simply as IM7 for brevity) was 
obtained as a 12” in wide, 80 pound roll from Hexcel Corporation (Decatur, AL) that was used 
as received.  The IM7 roll was stored in a freezer at -18 °C when not in use to avoid 
deterioration. Prior to sample preparation, the IM7 prepreg was thawed for 8 hours at room 
temperature in a sealed polyethylene bag to avoid moisture contamination. The IM7 composite 
was cut from a roll of material into 12” x 9.5” squares. The plies were a nominal 5 mil (0.005 
in) in thickness with a surface roughness of 0.0002 in. Surface roughness denotes that there is 
a small scale of irregularity (here ~ 4%) in the surface flatness.57 The mass for each specimen 
was measured, and the uncoated plies had an average mass of 3.3 mg with a standard deviation 
of 0.3 mg.  
SWCNT dispersions were prepared in isopropyl alcohol (IPA) using a Fisher Scientific 
550 Sonic Dismembrator (Figure 4.2–1) that was operated at a fixed energy of 70 kJ with a 
sonication time of 1 hour that consisted of alternating 10 second on-periods and 10 second off-
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periods of sonication.  The SWCNT concentrations in the IPA were 0.007, 0.009, 0.02, 0.04, 
0.06, 0.08 and 0.1 wt%. The resulting dispersions showed good stability as evidenced by a test 
where samples of the prepared SWCNT dispersions were left to settle in a test tube for 72 hours 
and then characterized. It was determined by visual inspection that the SWCNTs stayed in 
suspension quite well over this length of time. As the spraying of the dispersion onto the IM7 
could be completed within 30 minutes of ultrasonication, the compositions of the dispersions 
could be considered as unchanging during the deposition process. 
 
 (a)     (b) 
Figure 4.2–1. (a) Fisher Scientific 550 Sonic Dismembrator. (b) 0.007 wt% SWCNT 
dispersion in isopropyl alcohol after sonication. 
 
A goal for the spraying process was that it cast uniform films of the SWCNTs on the 
IM7 sheets. Regrettably, the morphology of the IM7 and the challenge in distinguishing the 
coatings from the underlying substrate prevented the use of techniques such as atomic force 
microscopy (AFM) and profilometry for estimating the thickness, coating uniformity, and 
consistency of these thin films. As an alternative, I used AFM to characterize a CNT coating 
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on a substrate (glass) that could allow such morphological information to be obtained.  This 
experiment was pursued with an expectation that similar coatings might form on both IM7 and 
glass.   
In contrast to the appearance of the SWCNT coatings on IM7 (that appeared smooth 
and uniform as could be discerned by eye), the SWCNT coatings on glass were visually less 
dispersed (Figure 4.2–2).  In this figure, the SWCNTs appear to have coalesced around each 
other and to not separate well enough to produce a smooth coat on the glass substrate. 
 
 
 
 
 
Figure 4.2–2. Optical image of a SWCNT film produced by spraying a 0.1 wt% 
SWCNT solution in IPA onto a 1” x 3” glass slide. 
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Figure 4.2–3. AFM of a SWCNT film produced from spraying a 0.1 wt% SWCNT solution 
in IPA onto a glass slide.   
  
I coated the IM7 plies with a thin layer of the SWCNT dispersions in IPA in a spray 
booth that I constructed in a fume hood. This spray area included a spray stand that held 
multiple samples of IM7 composite plies (Figure 4.3–4) so that many samples could be 
obtained in a single run.  The plies were suspended vertically and sprayed by a gravity spray 
gun (Speedaire® Gravity Feed Spray Gun Model 4XP65J as shown in Figure 4.3–5) using 
argon gas at a pressure of 50 psi. An inert gas was used to avoid oxidation of the SWCNTs 
during the spray process.  Roughly 500 mL of solution was placed in the gravity-fed cup.  The 
spray was conducted manually with a slow pass (~2 seconds per ply) across the IM7 plies.  The 
air control knob was turned to low and the fluid control knob was turned to medium.  These 
conditions delivered the CNT dispersion at the rate of 6 mL/s.    
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 (a)  (b) 
Figure 4.2–4. (a) Spray booth. (b) Arrangement of 12” x 9.5” IM7 composite in the fume 
hood prior to spraying. 
 
 
Figure 4.2–5. Speedaire® Gravity Feed Spray Gun Model 4XP65J. 
 
The spray gun was held ~ 20 cm away from the work surface. The stroke was started 
~10 cm to one side away from the first ply and concluded ~10 cm to the other side past the last 
ply with a single pass.  The length of time it took for the sprayed CNT solutions to dry on the 
IM7 samples was a few seconds.  IPA solutions with varying SWCNT content were used as a 
way to generate IM7/SWCNT composites with differing SWCNT compositions; however, 
when applying the SWCNT solution onto the IM7, small amounts of solution dripped off the 
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composite plies.  As a result, the SWCNT composition of the coated IM7 plies couldn’t be 
directly controlled by varying the solution compositions. Measurements of the CNT 
composition on the plies that are included in Section 4.4 show the general trend that IM7 
samples sprayed with IPA dispersions with higher SWCNT content yield greater SWCNT 
amounts in the as-prepared composite. 
 
4.3 SWCNT-IM7 COMPOSITE LAYUP AND MACHINING 
 
In this study, the IM7 prepreg was processed using a vacuum bag oven process 
described by Hexcel, Inc.56 Vacuum bag processing is suited to preparing monolithic 
components of varying thickness and in large sandwich structures. The technique involves the 
placing and sealing of a flexible bag over a composite layup and evacuating the air from under 
the bag.  This process is shown in Figure 4.3–1. The consumables needed for this process are 
listed in Table 4.3–1. 
 
 
Figure 4.3–1. (a) Sealing flexible bag over layup. (b) Applying vacuum to the system. This 
figure is taken from Reference 56. 
 
 
 
(a) 
(b) 
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Table 4.3–1. Consumables for vacuum bag processing. This table is from Reference 56. 
Release Agent Allows release of the cured prepreg component from the tool. 
Peel Ply 
Allows free passage of volatiles and excess matrix during the cure. Can 
be removed easily after cure to provide a bondable or paintable surface. 
Bleeder Fabric 
Usually made of felt or glass fabric and absorbs the excess matrix. The 
matrix flow can be regulated by the quantity of bleeder, to produce 
composites of known fiber volume. 
Release Film 
Prevents further flow of matrix and can be slightly porous (with pin 
pricks) to allow only air and volatiles to pull into the breather layer 
above. 
Breather Fabric 
Provides the means to apply the vacuum and remove air and volatiles 
from the whole assembly. Thicker breathers are needed when high 
autoclave pressures are used. 
Edge Dam Contains resin flow and component shape. 
Vacuum Bag/ 
Sealant Tape 
Provides a sealed bag to allow air removal to form a vacuum in the bag. 
 
The removal of the air forces the bag down onto the layup with a consolidation pressure 
of up to 1 atmosphere.  This process is illustrated in Figure 4.3-1b. The completed assembly, 
with vacuum still applied, was placed inside an oven or on a heated mold with good air 
circulation and the composite was produced after a relatively short cure cycle.56 
The hybrid composite specimens were laid up unidirectionally into 12- and 16-ply structures 
as shown in Figure 4.3–2.  I selected this design so that the composite specimens had sufficient 
thicknesses for measurements of their thermal properties: 
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Figure 4.3–2. (a) 12-ply composite layup. (b) 16-ply composite layup. 
 
To prepare a 12-ply specimen, a single ply was laid down on the debulking tool where 
the ply was compressed to the vacuum table for 5 minutes. Then 6 individual plies were placed 
on top each other and compressed on the vacuum table for another 5 minutes. Finally, another 
5 individual plies were placed on top of the 7 plies and compressed on the vacuum table for 24 
hours resulting in a 12-ply layup. To complete a 16-ply specimen, the same process was 
followed but the layup scheme was: 1-ply, 6-plies, 6-plies, and 3-plies. Laying plies down in 
such a stepwise process is a common practice in laying up composites. Laying up more than 
6-plies at a time was avoided as it can yield to delamination issues in the composite structure. 
When all of the plies were vacuum compressed on the debulking table, the plies were kept 
under vacuum overnight and placed in a curing oven press. A picture of debulked composite 
samples and an overview of the temperature profile used in the curing oven/press cure 
procedure are shown in Figure 4.3–3 and Table 4.3–2. The employed cure process was that 
provided by Hexcel Inc. for curing this type of resin. 
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Figure 4.3–3. Composite plies on the debulking table. 
 
Table 4.3–2. Press cure process for IM7 and IM7/SWCNT composites (taken from Reference 
56). 
Press Cure Cycle 
1. Put in hot press and apply enough force to achieve 80 psi pressure on the 
rectangular sample.  
2. Ramp from room temperature to 350 °F at 3 °F/min. 
3. Hold at 350 °F for 2 hours. 
4. Cool to room temperature at 5 °F/min 
 
After curing and cooling, the hybrid composites were machined into circles with ⅛”, 
½”, and ⅞” diameters for DSC, thermal diffusivity, and density experiments, respectively. The 
12-ply specimens were examined by differential scanning calorimetry (DSC) to determine heat 
capacities.  The 16-ply specimens were used for density and thermal diffusivity measurements. 
The cut plans are shown in Figure 4.3–4. 
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Figure 4.3–4. Summary of samples used for measurements. 
 
4.4 DENSITY 
 
Density (ρ) measurements of the composites were obtained for determining the mass 
and volume fractions of the CNTs in the composite. This process consisted of measuring the 
mass of IM7 and of the composites prepared at each of the eight different casting conditions. 
The mass for each 16-ply specimen was measured in air and then in water at a given 
temperature. The measurements were obtained using a Mettler Toledo Analytical Scale model 
number XP204S (Figure 4.4–1) and Mettler Toledo density kit (part number 1106861). The 
densities of the composite were determined using the equation: 
𝜌 =
𝑚𝐴
𝑚𝐴−𝑚𝐵
(𝜌𝐵 − 𝜌𝐴) + 𝜌𝐴           (2)  
 
where 𝑚𝐴 = the mass of the sample in air, 𝑚𝐵 = the mass of sample in the auxiliary liquid 
(water is ~ 0.99815 g/cm3 ), 𝜌𝐵 = the density of the auxiliary liquid, and 𝜌𝐴 = the density of air 
(0.0012 g/cm3).  
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Figure 4.4–1. Mettler Toledo XP204S analytical balance. 
 
Density measurements were performed on six ⅞”- diameter circular disks of 16-ply 
composite specimen values are given in Table 4.4–1 and Figure 4.4-2.  For comparison, the 
density of SWCNT is ~1550 kg/m3 or ~2% less than for the virgin IM7 material.81-82 Within 
experimental error, the densities of the hybrid composites were the same, as to be expected 
given the similar densities of the IM7 (1577 kg/m3) and the SWCNTs that comprise the 
specimens. 
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Table 4.4–1. Densities of prepared IM7/SWCNT (in kg/m3) composites. 
wt% SWCNT in 
IPA Spray 
Density  
(kg/m3) 
0 1572 ± 10 
0.007 1579 ± 2 
0.009 1570 ± 4 
0.02 1570 ± 30 
0.04 1590 ± 10 
0.06 1573 ± 10 
0.08 1585 ± 10 
0.1 1570 ± 30 
 
 
 
Figure 4.4–2.  Densities of IM7/SWCNT and virgin IM7 composites at 300 K. 
 
Mass and volume fractions for the CNTs in the composite were calculated for each of 
the preparation conditions using data obtained from the density measurements. From the mass 
and density measurements, the volume for each specimen was calculated.  With values for the 
measured mass and calculated volumes for each specimen, the mass and volume fractions for 
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the SWCNTS in each samples were determined.  These values and their mean errors are 
summarized in Table 4.4–2.   
 
Table 4.4–2. Compositions of the prepared IM7/SWCNT hybrid composites. 
SWCNT wt% 
in IPA 
Dispersion 
SWCNT Volume 
Fraction in 
IM7/SWCNT 
Composite 
(
𝑽𝑪𝑵𝑻
𝑽𝑰𝑴𝟕+𝑽𝑪𝑵𝑻
)  
SWCNT Mass 
Fraction in 
IM7/SWCNT 
Composite  
(
𝑴𝑪𝑵𝑻
𝑴𝑰𝑴𝟕+𝑴𝑪𝑵𝑻
)  
0 0 0 
0.007 0.0107± 0.0008 0.0123 ± 0.0008 
0.009 0.062 ± 0.002 0.0616 ± 0.0006 
0.02 0.244 ± 0.005 0.243 ± 0.004 
0.04 0.188 ± 0.004 0.193 ± 0.008 
0.06 0.264 ± 0.004 0.272 ± 0.008 
0.08 0.257 ± 0.013 0.254 ± 0.008 
0.1 0.32 ± 0.02 0.32 ± 0.02 
 
 
In Table 4.4–2, the SWCNT content in the solution used to coat the IM7 did not always 
correlate with the mass (or volume) fraction for the SWCNTs in the resulting composites.  For 
instance, spraying the SWCNTs/IPA solution of 0.02 wt% onto IM7 yielded a SWCNT volume 
fraction of 0.257 in the prepared composite, while the 0.08 wt% SWCNTs/IPA solution yielded 
a SWCNT volume fraction of 0.19.  While the 0.08 wt% solution contained a higher 
concentration of SWCNTs in it, this did not correlate with there being a greater amount of 
SWCNTs being contained on the composite. As varying amounts of the spraying solutions 
dripped off the vertically held IM7 sheets as they were being applied, the lack of correlation is 
likely a result of this process and differences in batch-to-batch conditions. 
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4.5  SPECIFIC HEAT CAPACITY MEASUREMENTS 
 
Specific heat capacity (Cp) measurements were performed on 12-ply specimens using 
a TA Instruments DSC Q2000 (Figure 4.5–1). A modulated quasi-isothermal method was used 
to perform these measurements at a hold time of 30 minutes at each temperature from 120 to 
470 K, in 50 K increments.   
   
 
 
Figure 4.5–1. TA Instruments Q2000 DSC Instument. 
 
After every three tests, a sapphire standard was run to re-calibrate the instrument as per 
specifications from TA Instruments.  The calibration equation used for this instrument was: 
 
𝐾𝑐𝑝 =
𝐶𝑝,𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 
𝐶𝑝,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 
                               (3) 
53 
 
 
where Kcp was determined for each temperature. Data for the composites were corrected 
using the equation: 
 
𝐶𝑝,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐾𝑐𝑝 ∗  𝐶𝑝,𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑                                  (4) 
 
The Cp measurements were performed on the specimens in random order. Figures 4.5–
2 through 4.5–10 and Table 4.5–1 summarize the thermal storage of the IM7 and hybrid 
composites. In these results, the error bars represent standard deviation values for the means.  
As shown, the data would seem to suggest that the presence of the CNTs results in an increase 
in Cp by as much as 20 – 30% over the explored temperature range, although other factors 
maybe responsible for this difference. 
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Figure 4.5–2.  of IM7/SWCNT composites. 
 
Figure 4.5–3. Cp  at 170 K of IM7/SWCNT composites. 
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Figure 4.5–4.  at 220 K of IM7/SWCNT composites. 
 
 
Figure 4.5–5.  at 270 K of IM7/SWCNT composites. 
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Figure 4.5–6.  at 300 K of IM7/SWCNT composites. 
 
Figure 4.5–7.  at 320 K of IM7/SWCNT composites. 
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Figure 4.5–8.  at 370 K of IM7/SWCNT composites. 
 
 
Figure 4.5–9.  at 420 K of IM7/SWCNT composites. 
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Figure 4.5–10.  at 470 K of IM7/SWCNT composites. 
 
Table 4.5–1. Specific heat capacities (in J/kg–K) of IM7/SWCNT composites as affected by 
temperature and CNT composition. 
 SWCNT Volume Fraction 
Temperature  Virgin 0.01 0.06 0.19 0.24 0.26 0.26 0.32 
120 K 333 ± 15 370 ± 15 395 ± 15 415 ± 30 360 ± 20 330 ± 10 410 ± 30 410 ± 15 
170 K 435 ± 20 545 ± 25 590 ± 10 550 ± 35 505 ± 20 475 ± 10 550 ± 30 565 ± 15 
220 K 550 ± 25 670 ± 20 710 ± 15 690 ± 40 650 ± 25 620 ± 10 675 ± 35 705 ± 13 
270 K 700 ± 30 840 ± 20 890 ± 15 850 ± 40 810 ± 25 780 ± 10 820 ± 40 865 ± 15 
300 K 760 ± 30 925 ± 20 950 ± 20 830 ± 34 800 ± 25 855 ± 10 820 ± 40 870 ± 15 
320 K 820 ± 45 1000 ± 20 1045 ± 15 955 ± 45 955 ± 25 930 ± 10 955 ± 40 1015 ± 15 
370 K 970 ± 35 1140 ± 25 1190 ± 15 1130 ± 50 1095 ± 25 1070 ± 10 1070 ± 50 1150 ± 15 
420 K 1110 ± 40 1280 ± 25 1325 ± 15 1290 ± 50 1250 ± 30 1230 ± 15 1240 ± 40 1290 ± 15 
470 K 1250 ± 40 1430 ± 25 1470 ± 15 1470 ± 60 1410± 30 1385 ± 15 1400 ± 40 1470 ± 20 
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It is worth noting here that IM7 has a shelf life of about one year, during which its Cp 
value can decrease by 20%, which is on the order of variations in Cp observed in Figures 4.5–
2 through 4.5–11 at any one temperature for changes in CNT content.  In these figures, the age 
of the IM7 was not held constant and some of the higher Cp values for the composite could be 
due to it being prepared from a newer supply of IM7. From physical property data provided by 
the IM7 supplier (Hexcel), IM7 has a Cp of approximately 960 J/kg–K at 300 K. I note for 
comparison that my experimental measurements of Cp on multi-ply samples of IM7 (with no 
incorporated SWCNTs) yielded a much lower  average value of around 770 J/kg–K.  
For the prepared IM7/SWCNT composites, their average Cp values at 300 K (Figure 
4.5-6) were all below the reported Cp value of 960 J/kg–K for virgin IM7. Given that the 
differences in Cp values for the examined samples were within the uncertainties that could 
result from age effects and that no composite sample exhibited a Cp value greater than that 
expected for fresh IM7 (i.e., 960 J/g-K), the inference from Figure 4.5-2 through 4.5-10 that 
SWCNT incorporation led to an increase in Cp for IM7 cannot be made.  In contrast, as the 
reported Cp values for SWCNTs (600 J/g-K) are less than those for IM7 (960 J/g-K), the 
expectation is that increased SWCNT content should yield lower Cp values for the composites.  
For the explored range of SWCNT content, the effects on Cp were not apparent and may be 
smaller than the experimenal uncertainty in the measured Cp values.  The expected effects that 
SWCNT content should have on the Cp values for the composites are examined in greater detail 
in Chapter 5. 
Figure 4.5-11 illustrates the effect of temperature on the average Cp values for the 
IM7/SWCNT composites. As the temperature increased, the IM7 composites regardless of 
SWCNT content exhibited a linear increase in Cp of ~3.0 J/kg-K between 120 and 470 K. 
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Figure 4.5–11. Effect of temperature and SWCNT content on the heat capacities of 
IM7/SWCNT hybrid composites. Errors in Cp values were typically ± 20 J/kg–K. 
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Cp measurements were also done on the SWCNTs used in this work over the explored 
temperature range. One of the goals of this thesis is to provide a model for the thermal 
properties of the composite as a function of temperature and CNT composition. As such, values 
of Cp for the SWCNTs were needed for this model as well as to allow comparison with the 
literature values for the component materials. 
Figure 4–5.12 shows the measured Cp values on the SWCNTs from 120 K to 470 K. 
At many of the temperatures (specifically those between 120 K – 200 K and 320 K – 470 K), 
the measured Cp values on the employed SWCNTs were similar to those reported in the 
literature for SWCNTs within experimental error.79 At temperatures around 300 K, the Cp 
values exhibited the unexpected behavior of displaying a decrease with increasing 
temperatures.  This dip in Figure 4.5-12 reflects an exothermic transition that compromises the 
Cp values obtained around 300 K. Such transitions with CNTs are well known as Hone et al.
79 
have reported a similar thermal observation when SWCNTs were analyzed in a helium 
environment and cooled to or warmed from low temperatures.  At around 300 K, helium can 
absorb into the SWCNTs and the enthalpy change associated with this process results in the 
thermal measurements of Cp including this additional change to the SWCNTs.  To avoid this 
effect, I looked into the possibility to reconfigure the apparatus to change environment within 
the employed DSC instrument, but it was not possible. As an alternative, as the measured Cp 
values outside the temperature range where the effects of helium absorption have an influence 
were similar to those reported in the literature for SWCNTs, Cp values from the literature for 
SWCNTs were used in developing the models detailed in Chapter 5 for the composites.  The 
agreement with the literature for the SWCNT Cp values measured outside of 270 – 320 K 
provided validation for using Cp values from the literature for the SWCNTs in modeling the 
properties of the IM7/SWCNT composites. 
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Figure 4.5–12. Cp measurements of SWCNTs under a helium environment. The line is 
provided as a guide to the eye.  The unexpected dip around 300 K is discussed in the text. 
 
4.6  THERMAL DIFFUSIVITY EXPERIMENTS 
 
Through-thickness thermal diffusivity experiments were performed using a TA 
Instruments Flashline 5000 on IM7 and SWCNT/IM7 hybrid composites. The thermal 
diffusivity specimens were taken from random locations on a larger sprayed panel. The 
expected result was that higher through-thickness thermal diffusivities would be obtained from 
samples having greater fractions of SWCNTs.  As shown in Figures 4.6–1 through 4.6–10 and 
in Table 4.6–1, the addition of SWCNTs to IM7 yielded composites with thermal diffusivities 
that were higher by as much as 20 to 30% over all examined temperatures as compared to the 
virgin material.   
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Figure 4.6–1. Through-thickness thermal diffusivity at 120 K of IM7/SWCNT composites.  
 
 
 
Figure 4.6–2. Through-thickness thermal diffusivity at 170 K of IM7/SWCNT composites. 
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Figure 4.6–3. Through-thickness thermal diffusivity at 220 K of IM7/SWCNT composites. 
 
 
Figure 4.6–4. Through-thickness thermal diffusivity at 270 K of IM7/SWCNT composites. 
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Figure 4.6–5. Through-thickness thermal diffusivity at 300 K of IM7/SWCNT composites. 
 
 
Figure 4.6–6. Through-thickness thermal diffusivity at 320 K of IM7/SWCNT composites. 
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Figure 4.6–7. Through-thickness thermal diffusivity at 370 K of IM7/SWCNT composites. 
 
 
Figure 4.6–8. Through-thickness thermal diffusivity at 420 K of IM7/SWCNT composites. 
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Figure 4.6–9. Through-thickness thermal diffusivity at 470 K of IM7/SWCNT composites. 
 
Table 4.6–1. Through-thickness thermal diffusivities (in cm2/s) of IM7/SWCNT as affected 
by temperature and CNT composition. 
 SWCNT Volume Fraction 
Temperature  Virgin 0.01 0.06 0.19 0.24 0.26 0.26 0.32 
120 K 
0.0066 ± 
0.0003 
0.0061 ± 
0.0012 
0.0058 ± 
0.0004 
0.007 ± 
0.0006 
0.008 ± 
0.0005 
0.0076 ± 
0.0004 
0.0080 ± 
0.0008 
0.0080 ± 
0.0005 
170 K 
0.0059 ± 
0.0002 
0.0068 ± 
0.0004 
0.0060 ± 
0.0007 
0.0070 ± 
0.0006 
0.008 ± 
0.0009 
0.0073 ± 
0.0003 
0.0070 ± 
0.0006 
0.0080 ± 
0.0006 
220 K 
0.00541 ± 
0.00012 
0.0055 ± 
0.0004 
0.0056 ± 
0.0004 
0.0070 ± 
0.0004 
0.0073 ± 
0.0003 
0.0069 ± 
0.0002 
0.0068 ± 
0.0004 
0.0070 ± 
0.0004 
270 K 
0.00501 ± 
0.00012 
0.0047 ± 
0.0002 
0.0051 ± 
0.0002 
0.0054 ± 
0.0003 
0.0071 ± 
0.0001 
0.0064 ± 
0.0003 
0.0064 ± 
0.0002 
0.0070 ± 
0.0005 
300 K 
0.00492 ± 
0.00009 
0.0048 ± 
0.0002 
0.0050 ± 
0.0002 
0.0060 ± 
0.0004 
0.0068 ± 
0.0001 
0.0060 ± 
0.0001 
0.0059 ± 
0.0004 
0.0063 ± 
0.0004 
320 K 
0.0048± 
0.0001 
0.0047 ± 
0.0001 
0.0044 ± 
0.0001 
0.0058 ± 
0.0003 
0.0065 ± 
0.0002 
0.0058 ± 
0.0003 
0.0060 ± 
0.0003 
0.0062 ± 
0.0004 
370 K 
0.0046 ± 
0.0002 
0.0044 ± 
0.0001 
0.0044 ± 
0.0001 
0.0054 ± 
0.0003 
0.0062 ± 
0.0002 
0.0055  ± 
0.0001 
0.0056 ± 
0.0003 
0.0058 ± 
0.0004 
420 K 
0.0043 ± 
0.00008 
0.0039 ± 
0.0002 
0.0039 ± 
0.0004 
0.0053 ± 
0.0003 
0.0057 ± 
0.0001 
0.0052 ± 
0.0002 
0.0048 ± 
0.0003 
0.006 ± 
0.0005 
470 K 
0.0039 ± 
0.00012 
0.0038 ± 
0.0008 
0.005 ± 
0.0005 
0.0050 ± 
0.0003 
0.0050 ± 
0.0001 
0.0046 ± 
0.0001 
0.0050 ± 
0.0003 
0.005 ± 
0.0006 
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Figure 4.6–10. Effect of temperature and composition on through-thickness thermal 
diffusivity of hybrid IM7/SWCNT composites. 
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Figure 4.6-10 summarizes the effects of composition and temperature on the through-
film thermal diffusivity of the composite.  Overall, the IM7/SWCNT composites showed the 
general trend that their through-film thermal diffusivities decreased with increasing 
temperature.  The values at 470 K were roughly 30% lower than at 120 K across all sample 
compositions.  The data exhibit the general trend at each temperature that higher SWCNT 
content yields a higher through-film diffusivity, with some exceptions.  For the composites 
prepared with a SWCNT volume fraction of 0.06, they consistently exhibited values lower than 
might be expected based on the results from the other samples, while the composite prepared 
with a SWCNT volume fraction of 0.24 generally exhibited values greater than those expected 
based on the results from the other samples.  These deviations may reflect uncertainties in the 
compositions of the samples or in the measured through-film diffusivity values. The expected 
levels of improvement that SWCNT content has on the through-thickness thermal diffusivity 
values for the composites are considered in Chapter 5, after which the experimental results 
presented above are compared with these expectations.  
In a previous section, I noted that the thermal properties of IM7, specifically its heat 
capacity, can change with time as it ages.  For completeness, it is worth noting that the age of 
the IM7 sample did not appear to affect the thermal diffusivity of the composite to an 
observable extent. To examine this issue, a control experiment was conducted to compare the 
properties of older and newer IM7 samples.  Within experimental error, the thermal diffusivity 
values for the examined samples were the same within experimental error at all measured 
temperatures. For instance, at 300 K, older samples of IM7 exhibited a through-film themal 
diffusivity value of 0.0049 ± 0.0001 cm2/s; whereas, newer IM7 samples had a value of 0.0047 
± 0.0002 cm2/s.  From this result, the conclusion is that the addition of SWCNT to the IM7 
composite yielded meaningful increases in the through-film thermal diffussivity. 
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The above figures provide measurements of the through-plane thermal diffusivities for 
the IM7/SWCNT composites.  Structurally, the IM7 contains carbon fibers that are oriented in 
the plane of a sheet.  As a result of this anisotropy, the through-plane thermal diffusivity value 
for virgin IM7 material is roughly one-fifth its through-thickness thermal diffusivity value 
(0.0045 cm2/s versus 0.025 cm2/s at 300 K).56 While values for the through-thickness thermal 
diffusivity for IM7 can be readily obtained from direct measurements, its higher in-plane 
thermal diffusivity values are more difficult to measure. As a result, the available in-plane 
thermal diffusivity values for IM7 (for example, from Hexcel) are typically best estimates 
based on theoretical considerations.  With the addition of the SWCNTs (with a higher thermal 
diffusivity than for IM7) to the composite, both the in-plane and through-plane thermal 
diffusivities are expected to increase.  These inceases are due to the additional competing mean 
free paths for acoustic phonons in the SWCNT-containing composite that aid in the thermal 
transport through the material.   Obtaining these higher in-plane diffusivity values from 
measurements for the SWCNT-containing IM7 composites are made more difficult by the 
presence of the SWCNTs.  If pursued, larger amounts of IM7 and of the SWCNTs would be 
required for generating suitable specimens, the samples would require special machining for 
testing, and specialized instrumentation (that has not been developed yet) would be needed for 
measuring these values directly.  Because of these obstacles, measurements of in-plane thermal 
diffusivities for the IM7/SWCNT were not pursued. Instead, the in-plane thermal diffusivity 
values were modeled using structural information obtained from through-thickness 
measurements and in-plane values for the component materials. 
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4.7 THERMAL CONDUCTIVITY 
 
 Thermal conductivity, λ, is defined as the product of the thermal diffusivity (α), density 
(ρ), and heat capacity (𝐶𝑝): 
 
𝜆 = 𝛼 ∗ 𝜌 ∗ 𝐶𝑝                                              (6) 
 
Thermal conductivity is the rate of heat transfer at steady-state conditions through a 
plate of known area and thickness in a direction normal to its surface when its opposing faces 
differ in temperature by one degree Kelvin (𝜆 =
𝑄×𝐿
𝐴×∆𝑇
). The reciprocal of thermal conductivity 
is thermal resistance, which is the ability of a material to prevent the flow of heat. 
 For each of the 16-ply IM7/SWCNT hybrid composite specimens, their thermal 
conductivities were calculated using their measured values of α, Cp, and ρ presented in the 
earlier sections. Figures 4.7–2 through 4.7–9 and Table 4.7–1 present these results and show 
that the addition of the CNTs to IM7 increases yields a hybrid composite with thermal 
conductivities that are as much as 30% greater than for IM7.  This increase in thermal 
conductivity was observed over the explored temperature range to different extents. For 
example, at lower temperatures (specifically those between 120 K– 270 K), the data in Figures 
4.7–1 through 4.7–4 tend to show smaller increases in thermal conductivity by adding 
SWCNTs. At temperatures above 270 K (Figures 4.7–5 through 4.7–9), the thermal 
conductivities for IM7 and the IM7/SWCNT hybrid composites exhibit greater increases with 
SWCNT content. 
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Figure 4.7–1. Through-thickness thermal conductivity at 120 K of IM7/SWCNT composites.  
 
Figure 4.7–2. Through-thickness thermal conductivity at 170 K of IM7/SWCNT composites. 
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Figure 4.7–3. Through-thickness thermal conductivity at 220 K of IM7/SWCNT composites. 
 
 
Figure 4.7–4. Through-thickness thermal conductivity at 270 K of IM7/SWCNT composites. 
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Figure 4.7–5. Through-thickness thermal conductivity at 300 K of IM7/SWCNT composites. 
 
Figure 4.7–6. Through-thickness thermal conductivity at 320 K of IM7/SWCNT composites. 
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Figure 4.7–7. Through-thickness thermal conductivity at 370 K of IM7/SWCNT composites. 
 
Figure 4.7–8. Through-thickness thermal conductivity at 420 K of IM7/SWCNT composites. 
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Figure 4.7–9. Through-thickness thermal conductivity at 470 K of IM7/SWCNT composites. 
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Table 4.7–1. Through-thickness thermal conductivities (in W/m–K) of IM7/SWCNT 
composites as affected by temperature and CNT content. 
 SWCNT Volume Fraction 
Temperature  Virgin 0.01 0.06 0.19 0.24 0.26 0.26 0.32 
120 K 
0.34           
± 0.06 
0.37          
± 0.13 
0.36          
± 0.04 
0.49          
± 0.11 
0.42          
± 0.12 
0.39          
± 0.05 
0.49          
± 0.09 
0.50          
± 0.06 
170 K 
0.40           
± 0.06 
0.59          
± 0.05 
0.51          
± 0.07 
0.59          
± 0.09 
0.61          
± 0.07 
0.54          
± 0.04 
0.59          
± 0.08 
0.68          
± 0.06 
220 K 
0.47           
± 0.06 
0.59          
± 0.06 
0.63          
± 0.04 
0.76          
± 0.07 
0.74          
± 0.36 
0.67          
± 0.03 
0.73          
± 0.07 
0.77          
± 0.05 
270 K 
0.55           
± 0.05 
0.63          
± 0.04 
0.71          
± 0.04 
0.86          
± 0.06 
0.90          
± 0.03 
0.78          
± 0.05 
0.83          
± 0.05 
0.90          
± 0.06 
300 K 
0.60           
± 0.05 
0.70          
± 0.04 
0.74          
± 0.03 
0.79          
± 0.06 
0.86          
± 0.03 
0.80          
± 0.02 
0.76          
± 0.05 
0.86          
± 0.06 
320 K 
0.63           
± 0.05 
0.73         
± 0.04 
0.72          
± 0.03 
0.91          
± 0.07 
0.98          
± 0.04 
0.85          
± 0.06 
0.91          
± 0.05 
0.99          
± 0.06 
370 K 
0.70           
± 0.05 
0.79          
± 0.04 
0.82          
± 0.03 
0.96          
± 0.06 
1.07          
± 0.03 
0.92          
± 0.03 
0.95          
± 0.06        
1.04          
± 0.06 
420 K 
0.74           
± 0.04 
0.79          
± 0.04 
0.81          
± 0.08 
1.09          
± 0.06 
1.12          
± 0.03 
1.00          
± 0.03 
0.95          
± 0.06 
1.15          
± 0.07 
470 K 
0.77           
± 0.05 
0.86          
± 0.02 
0.94          
± 0.10 
1.16          
± 0.05 
1.11          
± 0.03 
1.00          
± 0.03 
1.05          
± 0.08 
1.08          
± 0.10 
 
 
Figure 4.7-10 summarizes the effects of composition and temperature on the through-
film thermal conductivity of the composite.  For each explored composition, the IM7/SWCNT 
composites showed the general trend that their through-film thermal conductivities increase 
with increasing temperature.  The thermal conductivities at 470 K were more than twice their 
values at 120 K across all sample compositions.  The data exhibit the general trend at each 
temperature that higher SWCNT content yields a a more themally conductive material, as 
would be expected since the SWCNTs are more thermally conductive than IM7. 
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Figure 4.7–10. Effect of temperature and composition of through-thickness thermal 
conductivity of hybrid (IM7/SWCNT) composites.  
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The effects that the age of the IM7 used in the composite have on the thermal 
conductivity of the composite was also considered.  As noted in Chapter 4.5, the Cp of IM7 
can decrease during storage by as much as 20% a year of its preparation.  Such temporal 
changes in Cp would be expected to directly affect thermal conductivities through Equation 6.  
As noted in Chapter 4.6, the age of the IM7 appeared to have a negligible effect on its thermal 
diffusivity, so the anticipated influences on thermal conductivity could be expected to be those 
due to changes mentioned earlier for Cp.  From Table 4.7-1, the addition of SWCNTs to IM7 
can produce composites with thermal conductivities that are 40 to 50% higher than those for 
IM7.  As these increases are greater than the variations for Cp that can result from different 
storage conditions, the increases in thermal conductivity can be concluded to be a result of the 
added SWCNTs.  In Chapter 5, the expected effects of SWCNT content on the through-
thickness thermal conductivity values for the composites are presented along with a 
comparison to the experimental results. 
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CHAPTER V 
HEAT TRANSFER MODEL FOR IM7/SWCNT COMPOSITES 
 
5.1 RESISTANCE MODEL FOR IM7/SWCNT COMPOSITES 
 
Two models were developed to predict the thermal transport (α and λ) properties of the 
hybrid composites.  Each of these models considers the aggregate resistance of a ply as 
resulting from the resistances of distinct IM7 and SWCNT regions.  The first model considers 
each layer of SWCNTs on the IM7 plies to be uniform and continuous (Figure 5.1–1).  As 
shown in the figure, the thicknesses of each SWCNT layer and each IM7 ply are designated 
by S2 and S1, respectively. The relative thicknesses for the S1 and S2 slices define the SWCNT 
content in the overall structure.  As the dominant component in the IM7/SWCNT composites 
is the IM7 layer, the thickness of the S1 slice is greater than the thickness of the S2 layer for all 
samples. 
 
Figure 5.1–1. Two cases of discrete uniform and non-uniform layers of SWCNT on 
the IM7 composites; S1 and S2 are stacked slices through a ply of the IM7/SWCNT 
composite. Boxes 1 and 2 represent distinct IM7 and SWCNT regions, respectively. 
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In the second model, each SWCNT layer of a ply is considered to lack continuity, and 
the S2 layer is instead described as being composed of discrete SWCNT and IM7 regions (see 
Figure 5.1-1).  Here, the S2 dimension reflects the overall thickness of the SWCNT-containing 
layer in a ply, where the SWCNT content in this layer is defined by the relative sizes of L2 and 
L1.  The presence of IM7 in the S2 layer insures complete contact with the ply above it in the 
multi-ply structure, and can be viewed to reflect a condition where the SWCNTs coalesce into 
valleys on the IM7 surface.  The volume fraction of SWCNTs in the composite is manipulated 
in the model by selecting values of S2 relative to S1 and of L2 relative to L1. 
In analyzing the overall thermal properties for the multi-ply composites with these 
structures, I assumed that they could be described by a combination of series (through-
thickness) and parallel (in-plane) thermal resistances for the individual SWCNT and the IM7 
composite regions within a ply. 
For both of these models, their overall thermal resistances were of interest for 
comparison with the experimental data presented in Chapter 4 where global thermal resistance 
values were obtained for the multi-ply samples.  For samples containing relatively high 
SWCNT volume fractions, Case 1 may be considered as a suitable model since the SWCNT 
layers have a high degree of interconnectivity for allowing rapid heat transfer across a layer. 
At lower SWCNT volume fractions, Case 2 may be considered as a more suitable model 
because the SWCNTs may clump together on the virgin IM7 surface and yield discrete areas 
where the CNTs lack long-range continuity on the surface.  The relevant equations for Cases 
1 and 2 are developed below, where those for Case 2 simply to the Case 1 equations when 
there is no separation between the SWCNT-containing regions in a ply (i.e., when L1 or L1/ L2 
= 0).  
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In consideration of a global resistance value for the two cases illustrated in Figure 5.1-
1, for any temperature difference present across a material, the associated heat flow can be 
described by: 
 
𝑄 =
𝜆𝐴∆𝑇
𝑥
=
∆𝑇
𝑅
                           (7) 
 
where 𝑄 is the rate of heat flow, A is the cross-sectional area of the material, ΔT is the 
temperature difference present between the two opposing exposed cross-sectional areas of the 
material, x is the thickness of the material across which there is a temperature difference, λ is 
the thermal conductivity of the material, and R is the thermal resistance.  
Case 1 can be described by two resistances in parallel if the heat flow is from side to 
side (in-plane) or as two resistances in series if the heat flow is from top to bottom (surface-to-
surface).  For Case 1, the overall resistances in the in-plane and through-plane directions can 
be written as: 
 
𝑅𝐶𝑎𝑠𝑒 1,   𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 =
𝑅𝐼𝑀7𝑅𝑆𝑊𝐶𝑁𝑇
𝑅𝐼𝑀7+𝑅𝑆𝑊𝐶𝑁𝑇
                                 (8) 
 
𝑅𝐶𝑎𝑠𝑒 1,   𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑝𝑙𝑎𝑛𝑒 = 𝑅𝐼𝑀7 + 𝑅𝑆𝑊𝐶𝑁𝑇             (9) 
 
Each of the resistances for the IM7 and SWCNT regions can be related to a specific thermal 
conductivity λ by the equation:   
 
𝑅 =
𝑥
λ𝐴
                           (10) 
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For the in-plane configuration,  
 
𝑅1 = 𝑅𝐼𝑀7 =
𝐿
λ1𝑆1𝑙
  ,                       (11) 
 
and 
 
𝑅2 = 𝑅𝑆𝑊𝐶𝑁𝑇 =
𝐿
λ2𝑆2𝑙
                                    (12) 
 
where the cross-sectional area for a material is the product of its in-plane dimensions (l is the 
depth, and S1 and S2 are the lengths of regions 1 and 2, respectively), and L is the thickness of 
each region.  Substituting the expressions for RIM7 and RSWCNT into Equation 8 gives:  
 
𝑅𝐶𝑎𝑠𝑒 1,   𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 =
𝐿
λ1𝑆1𝑙
𝐿
λ2𝑆2𝑙
𝐿
λ1𝑆1𝑙
+
𝐿
λ𝑆2𝑙
=
𝐿
λ1λ2𝑆1𝑆2𝑙
λ2𝑆2+λ𝑆1
λ1λ2𝑆1𝑆2
=
1
λ2𝑆2+λ1𝑆1
𝐿
𝑙
               (13) 
 
Relating the resistance in Equation (10) to the thermal conductivity by Equation 11 gives 
   
𝑅𝐶𝑎𝑠𝑒 1,   𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 =
𝑥
λ𝐴
=
𝐿
λ𝐶𝑎𝑠𝑒 1,   𝑖𝑛−𝑝𝑙𝑎𝑛𝑒(𝑆1+𝑆2)𝑙
                (14) 
 
or  
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λ𝐶𝑎𝑠𝑒 1,   𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 =
λ2𝑆2+λ1𝑆1
𝑆1+𝑆2
=
λ2
𝑆2
𝑆1
+λ1
1+
𝑆2
𝑆1
=  
λ2𝑓𝑠+λ1
1+𝑓𝑠
                                          (15) 
 
where 𝑓𝑠 =
𝑆2
𝑆1
 is the ratio of the volume of the SWCNTs in the composite as compared to the 
volume of the IM7 in the composite.  
Relatedly, the through-thickness equations for the IM7 and SWCNT layers are: 
 
𝑅1 = 𝑅𝐼𝑀7 =
𝑆1
𝐿λ1𝑙
 ,                                  (16) 
 
and  
 
𝑅2 = 𝑅𝑆𝑊𝐶𝑁𝑇𝑠 =
𝑆2
𝐿λ2𝑙
                                  (17) 
 
Substituting these expressions for RIM7 and RSWCNT into Equation 9 gives  
 
𝑅𝐶𝑎𝑠𝑒 1,   𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑝𝑙𝑎𝑛𝑒 =
𝑆1
𝐿λ1𝑙
+
𝑆2
𝐿λ2𝑙
=
λ2𝑆1+λ𝑆2
𝐿λ1λ2𝑙
                     (18) 
 
Relating the resistance in Equation (10) to the thermal conductivity by Equation 11 gives  
 
𝑅𝐶𝑎𝑠𝑒 1,   𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑝𝑙𝑎𝑛𝑒 =
𝑥
λ𝐴
=
𝑆1+𝑆2
λ𝐶𝑎𝑠𝑒 1,   𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑝𝑙𝑎𝑛𝑒𝐿𝑙
                (19) 
 
or 
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λ𝐶𝑎𝑠𝑒 1,   𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑝𝑙𝑎𝑛𝑒 =
(𝑆1+𝑆2)λ1λ2
λ2𝑆1+λ1𝑆2
=
(1+
𝑆2
𝑆1
)λ1λ2
λ2+λ1
𝑆2
𝑆1
=  
(1+𝑓𝑠)λ2λ1
λ2+λ1𝑓𝑠
                           (20) 
  
The expressions in Equations 15 and 20 can be further modified to relate the thermal 
conductivities to the SWCNT volume fraction, a, in the composites. The SWCNT volume 
fraction, a, is defined as the volume of the SWCNTs in the composite divided by the total 
volume of the composite (SWCNT + IM7), and can be related to the ratio of the SWCNT to 
IM7 volumes, fs, by: 
 
𝑎 =  
𝑉𝑆𝑊𝐶𝑁𝑇
𝑉𝐼𝑀7+ 𝑉𝑆𝑊𝐶𝑁𝑇
=  
𝑆2𝐿𝑙
𝑆1𝐿𝑙+ 𝑆2𝐿𝑙
=
𝑆2
𝑆1+ 𝑆2
=
𝑆2
𝑆1
1+ 
𝑆2
𝑆1
                   (21) 
 
or 
 
𝑎 =  
𝑓𝑠
1+ 𝑓𝑠
                                    (22) 
 
Solving Equation 22 for fS gives: 
 
𝑓𝑠 =
𝑎
1−𝑎
                                      (23) 
 
Expressing Equation 15 in terms of the SWCNT volume fractions, the in-plane 
(parallel) thermal conductivity for Case 1 is: 
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λ𝐶𝑎𝑠𝑒 1,   𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 =  
λ2𝑓𝑠+λ1
1+𝑓𝑠
=  
λ2
𝑎
1−𝑎
+λ1
1+
𝑎
1−𝑎
=
λ2𝑎+λ1(1−𝑎)
1−𝑎
1−𝑎+𝑎
1−𝑎
=
λ2𝑎+λ1(1−𝑎)
1
= λ2𝑎 + λ1(1 − 𝑎)                 (24) 
 
or  
 
λ𝐶𝑎𝑠𝑒 1,   𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 = λ𝑆𝑊𝐶𝑁𝑇𝑎 + λ𝐼𝑀7(1 − 𝑎)                     (25) 
 
Expressing Equation 20 in terms of the SWCNT volume fractions, the through-
thickness (series) thermal conductivity for Case 1 is: 
 
λ𝐶𝑎𝑠𝑒 1,   𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑝𝑙𝑎𝑛𝑒 =
(1+𝑓𝑠)λ2λ1
λ2+λ1𝑓𝑠
=
(1+
𝑎
1−𝑎
)λ2λ1
λ2+λ1
𝑎
1−𝑎
=
(1−𝑎+𝑎)λ2λ1
1−𝑎
λ2(1−𝑎)+λ1𝑎
1−𝑎
=
λ2λ1
λ2(1−𝑎)+λ1𝑎
=
λ2λ1
λ2−𝑎(λ2−λ1)
           (26) 
 
or  
 
λ𝐶𝑎𝑠𝑒 1,   𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑝𝑙𝑎𝑛𝑒 =
λ𝑆𝑊𝐶𝑁𝑇λ𝐼𝑀7
λ𝑆𝑊𝐶𝑁𝑇−𝑎(λ𝐼𝑀7−λ𝑆𝑊𝐶𝑁𝑇)
                                                   (27) 
  
A similar method can be used to develop expressions for predicting the in-plane and 
through-plane thermal conductivities for a sample based on their SWCNT volume fraction.  
The extension of this approach to Case 2 requires the inclusion of parameters to define the 
spacing of the SWCNT and IM7 regions with the SWCNT-containing layer.  For Case 2, the 
through-thickness resistance consists of a (upper) resistance, λtop due to two resistances in 
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parallel, and a second (lower) resistance in series with each other. By analogy to Equation 15 
for a parallel resistance, λtop can be described by: 
 
λ𝑡𝑜𝑝 =
λ𝑆𝑊𝐶𝑁𝑇𝑓𝐿+λ𝐼𝑀7
1+𝑓𝐿
                                     (28) 
 
with 
 
𝑓𝐿 =
𝐿2
𝐿1
                                    (29) 
 
Here, fL provides a parameter that expresses the connectedness of the SWCNT regions within 
a layer.   
For the total assembly, the overall thermal conductance through the top and bottom 
layers can be determined by analogy to Equation 20 for a series resistance to be,   
 
λ𝐶𝑎𝑠𝑒 2,   𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑝𝑙𝑎𝑛𝑒 =
(1+𝑓𝑠)λ𝐼𝑀7λ𝑡𝑜𝑝
λ𝑡𝑜𝑝+λ𝐼𝑀7𝑓𝑠
                                 (30) 
 
Using the expression for λtop from Equation 28 in Equation 30 gives  
 
λ𝐶𝑎𝑠𝑒 2,   𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑝𝑙𝑎𝑛𝑒 =
(1+𝑓𝑠)λ𝐼𝑀7
λ𝑆𝑊𝐶𝑁𝑇𝑠𝑓𝐿+λ𝐼𝑀7
1+𝑓𝐿
λ𝑆𝑊𝐶𝑁𝑇𝑠𝑓𝐿+λ𝐼𝑀7
1+𝑓𝐿
+λ𝐼𝑀7𝑓𝑠
=
(1+𝑓𝑠)λ𝐼𝑀7(λ𝑆𝑊𝐶𝑁𝑇𝑠𝑓𝐿+λ𝐼𝑀7)
λ𝑆𝑊𝐶𝑁𝑇𝑠𝑓𝐿+λ𝐼𝑀7+λ𝐼𝑀7𝑓𝑠(1+𝑓𝐿)
               (31) 
 
For Case 2, the SWCNT volume fraction, a, is defined as the volume of the SWCNT 
regions divided by the total volume of the composite (SWCNT + IM7): 
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𝑎 =
𝑉𝑆𝑊𝐶𝑁𝑇
𝑉𝐼𝑀7+ 𝑉𝑆𝑊𝐶𝑁𝑇
=  
𝑆2𝐿2𝑙
(𝑆1(𝐿1+𝐿2)𝑙+𝑆2𝐿1𝑙)+ 𝑆2𝐿2𝑙
=  
𝑆2𝐿2
𝑆1𝐿1+𝑆1𝐿2+𝑆2𝐿2+ 𝑆2𝐿2
=
𝑆2𝐿2
(𝑆1+𝑆2)(𝐿1+𝐿2)
=
𝑆2
𝑆1
𝐿2
𝐿1
(1+
𝑆2
𝑆1
)(1+
𝐿2
𝐿1
)
         (32) 
 
or 
 
𝑎 =  
𝑓𝑠𝑓𝐿
(1+𝑓𝑠)(1+𝑓𝐿)
                                        (33) 
 
using that 𝑓𝑆 =
𝑆2
𝑆1
 and 𝑓𝐿 =
𝐿2
𝐿1
. 
 
For Case 2, the equation to describe the in-plane thermal conductance is easily obtained 
using arguments of symmetry  In Figure 5.1–1, proceeding from top to bottom is similar to 
proceeding from left to right in terms that a parallel resistance due to SWCNT and IM7 regions 
is followed in series by a resistance by IM7.  For Case 2 in Figure 5.1–1, switching L1 for S1 
and L2 for S2 interconverts these two directionalities.  As a result of this symmetry, replacing 
𝐿2
𝐿1
 by 
𝑆2
𝑆1
 (or fL by fS) and replacing 
𝑆2
𝑆1
 by 
𝐿2
𝐿1
 (or fS by fL) translates the expression in Equation 34 
for through-plane thermal conductance into an expression for in-plane thermal resistance.  The 
result of replacing fL by fS and replacing fS by fL is given below: 
 
λ𝐶𝑎𝑠𝑒 2,    𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 =
(1+𝑓𝐿)λ𝐼𝑀7(λ𝑆𝑊𝐶𝑁𝑇𝑓𝑆+λ𝐼𝑀7)
λ𝑆𝑊𝐶𝑁𝑇𝑓𝑆+λ𝐼𝑀7+λ𝐼𝑀7𝑓𝐿(1+𝑓𝑆)
                                              (34)  
 
In short, using Equations 31 and 34 allow calculation of the influence of SWCNT 
content on the through-plane and in-plane λ’s assuming values of fS or fL.  From experimental 
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measurements, the SWCNTs added a finite thickness to each layer of the composite that could 
vary for different loading parameters. The IM7 prepreg composite is an anisotropic material 
that exhibits directionally dependent values of thermal transport along the in-plane and 
through-thickness directions. In essence, IM7 yields different values for thermal diffusivity (α) 
and thermal conductivity (λ) in both the in-plane and through-thickness directions. 
 
5.2 THEORETICAL MODEL CALCULATIONS  
 
In the previous section, two cases were presented for modeling the thermal transport 
properties of the IM7/SWCNT hybrid composites (Figure 5.1-1).  Case 1 considered the 
structure to consist of continuous alternating layers of IM7 and SWCNTs.  Case 2 considered 
the SWCNT layers to lack in-plane continuity.  To distinguish between these two cases, 
microscopy was performed on cross-sectional slices of various IM7/SWCNT specimens. 
Figure 5.2-1 shows optical images for three 12-ply IM7/SWCNT hybrid composite 
samples with different volume fractions of SWCNTs.  In these images, the white circular 
features (diameter of ~ 5 um) are the carbon fibers within the IM7 composite, darker regions 
are observed for the resin within the IM7 composite regions and for the SWCNT layers, and 
black regions correspond to gaps between two plies.  Despite the similarity in their brightness, 
the SWCNT layers can be differentiated from the resin by the absence of the carbon fibers 
from their regions.   
Figure 5.2-1a shows a low magnification image for the sample containing the lowest 
volume fraction of SWCNTs.  In this image, there are thin SWCNT layers between each of the 
uni-directional plies as well as the presence of small voids, which are assumed to be small 
pockets of air that get trapped during stacking between the layers of prepreg composite. The 
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boundaries between the IM7/SWCNT layers correspond to the actual hand layup scheme as 
illustrated in Figure 4.3-2.  The nominal thicknesses of the IM7 sheets that form each layer are 
5 mils (~0.005 in) according to its supplier (Hexcel Inc.), or ~120 m,  In Figure 5.2-1a, the 
repeat distance between SWCNT layers appears to be ~100 m, in accord with the supplier 
values.  The differences between these values may be due to compaction during the lay up 
process and curing.  Although the SWCNT layer in this sample with a low SWCNT volume 
fraction appears irregular in its thickness, it displays a high degree of lateral connectedness, 
suggesting the presence of a SWCNT layer that is more continuous than as isolated domains. 
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Figure 5.2–1a–c. Optical microscopy images of three 12-ply IM7/SWCNT hybrid composites 
(volume fractions of 0.01, 0.19 and 0.32, respectively). The images show the presence of 
voids and stratified SWCNT layers in the IM7/SWCNT composite. 
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Figures 5.2–1b and 5.2-1c show images at higher magnification for specimens 
containing higher volume fractions of the SWCNTs.  In these samples, the SWCNT layers 
appear at a single band roughly 5 to 10 m in thickness between the IM7 layers. The separation 
between the upper and lower layers IM7 (indicated by the arrows) show a definable separation 
between one ply versus another. The white circles are cross-sections of the cylindrical carbon 
fibers, which are approximately 5 µm in diameter and tightly packed in the epoxy matrix. 
These circles are only weakly visible in Figure 5.2-1a because of its lower magnification.  In 
Figures 5.2-1b and c, the aperture was set to capture the interface between two individual plies 
rather than the entire 12-ply specimen as done in Figure 5.2-1a.  As a result, the individual 
carbon fibers are more readily resolved in the latter two images. It is possible that the SWCNTs 
may have diffused in the PAN expoxy during curing and dispersed into the IM7 composite.  
This possibilit cannot be ignored as it is difficult to visibly distinguish the SWCNT particulates 
between the IM7 plies from the resin comprising the IM7 in the images directly.   The regions 
lacking the white circles do provide evidence for a separation between adjacent IM7 layers as 
seen from the microscopy images.  Further, these small bands were observed between each 
ply, and the images show that as the volume fraction for the SWCNT increases, the thickness 
of that identified as due to the SWCNT layers also increases across the composite. With regard 
to the two developed models in the preceding section, the images provide strong evident that 
Case 1 is the more suitable scenario because the SWCNTs appeared as distinct bands between 
the IM7 layers in the optical images. 
The equations developed for the Case 1 model were used to predict the heat capacities 
(Cp), the thermal conductivities (λ), and the in-plane and through-thickness of the thermal 
diffusivities (α) for the IM7/SWCNT composites for various volume fractions for the SWCNTs 
in the composites.  These predictions rely on property data for SWCNTs and the IM7, and 
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Table 5.2–1 summarizes the properties for IM7 and SWCNTs at 300 K that were used in the 
model. As noted earlier, the heat capacity (Cp) for IM7 can vary due to the age of the prepreg 
composite. For example, in my experimental data, Cp varied from 760 to 1000 J/kg-K for IM7.  
As such variations in Cp will affectthe overall thermal conductivities of a composite, three 
values for Cp (750, 860 and 1000 J/kg–K, representing old, moderately aged, and fresh IM7, 
respectively, as contained in Table 5.2-1) were used to provide predictions on how the 
properties of IM7/SWCNT composites might be expected to vary. For these predictions, the 
S1 slice was kept constant at 0.005 in and the S2 slice was modeled as having a thickness that 
scaled with the volume fraction of the SWCNTs in the composite sample. Using Equation 18 
and the parameters in Table 5.2-1, SWCNT volume fractions as high as 0.75 were examined. 
 
Table 5.2–1. Thermal properties of IM7 and SWCNT at 300 K. 
Property IM7 SWCNTs 
ρ (kg/m3) 1577.82 1550 
Cp (J/kg-K) 750 or 860 or 1000* 600 
αin-plane (cm2/s)  0.025 0.538 
αthrough-thickness (cm2/s)  0.00451 0.538 
λin-plane (W/m-K) –  3.36 50 
λthrough-thickness (W/m-K)  0.58 or 0.66 or 0.77*  50 
                   *See Page 94. 
  
Table 5.2–2 shows experimental results for IM7/SWCNT composites at 300 K, as 
presented in Chapter 4. As noted previously, varying the SWCNT content in the isopropyl 
alcohol dispersion used to apply the SWCNTs to the IM7 plies did not lead to direct changes 
to the deposited thickness of SWCNTs on the surface of the prepreg composite.  For this 
reason, the determined mass and volume fractions of SWCNTs in the IM7/SWCNT composites 
were used as the primary measures of SWCNT content for comparing the predicted and 
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experimental results.  Overall, within experimental error, the values obtained from samples 
sprayed with the SWCNT dispersion exhibited higher Cp, and through-thickness α and λ values 
versus those for virgin IM7. 
 
Table 5.2–2. Experimental results for IM7/SWCNT composites at 300 K with mean standard 
deviations. 
SWCNT 
wt% in 
IPA 
Dispersion 
CNT Volume 
Fraction in 
CNT/IM7 
Composite 
(
𝑽𝑪𝑵𝑻
𝑽𝑰𝑴𝟕+𝑽𝑪𝑵𝑻
)  
CNT Mass 
Fraction 
CNT/IM7 
Composite  
(
𝑴𝑪𝑵𝑻
𝑴𝑰𝑴𝟕+𝑴𝑪𝑵𝑻
)  
ρ  
(kg/m3) 
Cp 
(J/kg-K) 
αthrough-thickness 
(cm2/s)  
λthrough-
thickness 
(W/m-K)  
Virgin 0 0 1572  ±  10 760 ±  30 0.0049 ±  0.0001 0.60 ±  0.05 
0.007 0.0107± 0.0008 0.01233 ± 0.00005 1579 ± 2 925 ± 20 0.0048 ± 0.0002 0.70 ± 0.04 
0.009 0.062 ± 0.002 0.0616 ± 0.0006 1570 ± 4 950 ± 20 0.0050 ± 0.0002 0.74 ± 0.03 
0.02 0.244 ± 0.005 0.243 ± 0.004 1570 ± 30 855 ± 10 0.0060 ± 0.0001 0.80 ± 0.02 
0.04 0.188 ± 0.004 0.193 ± 0.008 1590 ± 10 820 ± 40 0.0059 ± 0.0004 0.76 ± 0.05 
0.06 0.264 ± 0.004 0.272 ± 0.008 1573 ± 10 800 ± 25 0.0068 ± 0.0001 0.86 ± 0.03 
0.08 0.257 ± 0.013 0.254 ± 0.008 1585 ± 10 830 ± 34 0.0060 ± 0.0004 0.79 ± 0.06 
0.1 0.32 ± 0.02 0.32 ± 0.02 1570 ±  30 870 ± 15 0.0063 ± 0.0004 0.86  ± 0.06 
 
Figures 5.2–2 through 5.2–5 show the predicted and experimental values of ρ, Cp, 
through-thickness α, and through-thickness λ for the IM7/SWCNT composites. These figures 
consider the effects of variations in Cp values on ρ, through-thickness α, and through-thickness 
λ.  As stated earlier, the Cp of IM7 is affected by its age, where its value decreases as the age 
of the thermoset increases. The cases that were modeled include the use Cp values of 750, 860, 
and 1000 J/kg–K, representing oldest, medium, and newest IM7 samples, respectively. 
For ρ, values for the composites were modeled as a weighted sum on a thickness basis 
(or more correctly, on a volume basis where volume = thickness * area, and the areas cancel) 
given by: 
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𝜌𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝜌1𝑡1+𝜌2𝑡2
𝑡1+𝑡2
                                  (35) 
 
where 𝜌1, 𝑡1, 𝜌2, and 𝑡2 are the densities and layer thicknesses of the IM7 and SWCNTs, 
respectively. 
For Cp, the values for the composite were modeled as a weighted sum on a mass basis 
(where mass = density * thickness * area, and the areas cancel) given by: 
 
𝐶𝑝,𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝜌1𝑡1𝐶𝑝1+𝜌2𝑡2𝐶𝑝2
𝜌1𝑡1+𝜌2𝑡2
                                               (36) 
 
where 𝜌1, 𝑡1, 𝐶𝑝1, 𝜌2, 𝑡2, and 𝐶𝑝2 are the densities, layer thicknesses, and heat capacities of the 
IM7 and SWCNTs, respectively. 
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Figure 5.2–2. Predicted and experimental densities of IM7/SWCNT composites at 300 K.   
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Figure 5.2–3. Predicted and experimental heat capacities (Cp) of IM7/SWCNT composites at 
300 K.  The predicted heat capacities are displayed as dashed lines using Cp values of 750, 
860, and 1000 J/kg–K for oldest, moderately aged, and fresh IM7, respectively, at 300 K. 
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Figure 5.2–4. Predicted and experimental through-thickness thermal diffusivities of 
IM7/SWCNT composites at 300 K.  The predicted thermal diffusivities are displayed as 
dashed lines using values for Cp of 750, 860, and 1000 J/kg–K for oldest, moderately aged, 
and fresh IM7, respectively, at 300 K. 
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Figure 5.2–5 shows predicted values for the through-thickness λ of the IM7/SWCNT 
composite at various SWCNT compositions.  Three sets of predicted results are displayed, 
using Cp values of 750, 860 and 1000 J/kg–K for IM7 to compensate for the effects of storage 
on the properties of IM7. Within experimental error, the experimentally obtained data are well 
described within the range of predicted values for these various Cp values for IM7. 
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Figure 5.2–5. Predicted and experimental through-thickness thermal conductivities for 
IM7/SWCNT composites at 300 K.  The predicted thermal conductivities are displayed as 
dashed lines using Cp values of 750, 860, and 1000 J/kg–K for oldest, moderately aged, and 
fresh IM7, respectively, at 300 K. 
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Figures 5.2–6 and 5.2–7 show the predicted values for the in-plane and through-
thickness α and λ, respectively, again considering the range of potential Cp values for IM7 at 
300 K.  Experimentally, it is difficult to measure the in-plane values for IM7 as it is an 
anisotropic material having values in–plane that are above those readily obtained by available 
instruments for samples with overall thicknesses such as those prepared.  Such measurements 
could be possible by using much thicker specimens; however, such samples are difficult to 
prepare in practice and were not pursued.  Instead, the predictions provide estimates of the 
improvements in the through-thickness and in-plane thermal diffusivities and thermal 
conductivities that can be expected.  Of these, the predictions can be validated for the through-
thickness results, which provide some support for the in-plane predicted values. 
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Figure 5.2–6. Predicted in-plane and through-thickness thermal diffusivities for 
IM7/SWCNT composites at 300 K.  The predicted thermal diffusivities are displayed as 
dashed lines using Cp values of 750, 860, and 1000 J/kg–K for oldest, moderately aged, and 
fresh IM7, respectively, at 300 K.  The thermal diffusivities are higher in-plane than through-
thickness. 
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Figure 5.2–7. Predicted in-plane and through-thickness thermal conductivities for 
IM7/SWCNT composites at 300 K.  The predicted thermal conductivities are displayed as 
dashed lines using Cp values of 750, 860, and 1000 J/kg–K for oldest, moderately aged, and 
fresh IM7, respectively, at 300 K.  The thermal conductivities are higher in-plane than 
through-thickness. 
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Figures 5.2–8 through 5.2–15 compare the predicted and experimental through-
thickness λ values for IM7/SWCNT composites at all explored temperatures. The predicted 
values for the IM7/SWCNT composites depend directly on the Cp values for IM7 and the 
SWCNTs at these temperatures.  As values for Cp over the range of explored temperatures 
were not available for IM7 from the supplier (Hexcel, Inc.), I employed a best fit to the 
experimental Cp values obtained from virgin IM7 specimens.  Using these experimental values, 
a linear fit to the data yielded the general expression for Cp (in J/kg-K) = 2.7376*Temperature 
(in degrees Kelvin) – 12.487, with an R2 value of 0.9979.  This fitting equation was adjusted 
to provide to provide values for Cp at 300 K corresponding to those for oldest, modestly aged, 
and fresh IM7 specimens.  Specifically, multiplicative factors of 0.927, 1.063, and 1.236, 
respectively, were applied to this equation to yield values for Cp at 300 K of 750, 860, and 
1000 J/kg–K, respectively.  The resulting expressions for the heat capacity for IM7 with 
temperature were: 
  
Cp,oldest IM7 (in J/kg-K) = 2.5378*Temperature (in degrees Kelvin) – 11.575,                 (37) 
 
Cp,modestly aged IM7 (in J/kg-K) = 2.9101*Temperature (in degrees Kelvin) – 13.274,  (38)  
 
and   
Cp,fresh IM7 (in J/kg-K) = 3.3837*Temperature (in degrees Kelvin) – 15.434.                   (39)  
  
Equations 37 to 39 were used to provide estimates for the range of Cp values for IM7 
in Figures 5.2–8 through 5.2–15.  
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Figure 5.2–8. Predicted and experimental results of through-thickness thermal conductivities 
for IM7/SWCNT composites at 120 K. The predicted thermal conductivities are displayed as 
dashed lines using Cp values of 293, 336, and 391 J/kg–K as estimated for oldest, moderately 
aged, and fresh IM7, respectively, at 120 K by equations 37 to 39. 
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Figure 5.2–9. Predicted and experimental through-thickness thermal conductivities for 
IM7/SWCNT composites at 170 K. The predicted thermal conductivities are displayed as 
dashed lines for Cp values of 420, 482, and 560 J/kg–K as estimated for oldest, moderately 
aged, and fresh IM7, respectively, at 170 K by equations 37 to 39. 
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Figure 5.2–10. Predicted and experimental through-thickness thermal conductivities for 
IM7/SWCNT composites at 220 K. The predicted thermal conductivities are displayed as 
dashed lines for Cp values of 547, 627, and 729 J/kg–K as estimated for oldest, moderately 
aged, and fresh IM7, respectively, at 220 K by equations 37 to 39. 
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Figure 5.2–11. Predicted and experimental through-thickness thermal conductivities for 
IM7/SWCNT composites at 270 K. The predicted thermal conductivities are displayed as 
dashed lines for Cp values of 674, 773, and 898 J/kg–K as estimated for oldest, moderately 
aged, and fresh IM7, respectively, at 270 K by equations 37 to 39. 
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Figure 5.2–12. Predicted and experimental through-thickness thermal conductivities for 
IM7/SWCNT composites at 320 K. The predicted thermal conductivities are displayed as 
dashed lines for Cp values of 800, 918, and 1068 J/kg–K as estimated for oldest, moderately 
aged, and fresh IM7, respectively, at 320 K by equations 37 to 39. 
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Figure 5.2–13. Predicted and experimental through-thickness thermal conductivities for 
IM7/SWCNT composites at 370 K. The predicted thermal conductivities are displayed as 
dashed lines for Cp values of 928, 1064, and 1237 J/kg–K as estimated for oldest, moderately 
aged, and fresh IM7, respectively, at 370 K by equations 37 to 39. 
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Figure 5.2–14. Predicted and experimental through-thickness thermal conductivities for 
IM7/SWCNT composites at 420 K. The predicted thermal conductivities are displayed as 
dashed lines for Cp values of 1055, 1209, and 1406 J/kg–K as estimated for oldest, 
moderately aged, and fresh IM7, respectively, at 420 K by equations 37 to 39. 
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Figure 5.2–15. Predicted and experimental through-thickness thermal conductivities for 
IM7/SWCNT composites at 470 K. The predicted thermal conductivities are displayed as 
dashed lines for Cp values of 1182, 1355, and 1575 J/kg–K as estimated for oldest, 
moderately aged, and fresh IM7, respectively, at 470 K by equations 37 to 39. 
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As illustrated in Figures 5.2-8 to 5.2-15, the experimental thermal conductivity data 
obtained for the various IM7/SWCNT composites of different SWCNT content fit well within 
the ranges predicted, when the effects of aging on the heat capacity of IM7 is considered.  The 
thermal conductivity data obtained at 170 K show the poorest agreement with the predictions, 
with data obtained at all the other temperatures generally falling within the predicted range.  
This level of agreement suggests that the predominate factors influencing the thermal 
conductivity of the IM7/SWCNT composites were the time-dependent properties of the IM7 
and the SWCNT content in the composites. 
From the above results, it is useful to focus on the properties of IM7 in the absence of 
SWCNTs.  For my predicted through-thickness α values for IM7, polynomial trendlines could 
be obtained for the cases of oldest, moderately aged, and fresh IM7 as: 
 
oldest IM7 = -9.257x10-9T3 + 9.521x10-6T2 + 3.619x10-4T + 9.748x10-1                   (40) 
 
moderately aged IM7 = -7.961x10-9T3 + 4.966x10-6T2 + 7.712x10-4T + 2.043x10-1        (41) 
 
fresh IM7 = -6.943x10-9T3 + 4.331x10-6T2 + 6.725x10-4T + 1.781x10-1                    (42) 
 
where  is in W/m-K and T is temperature in degrees Kelvin. The through-thickness α values 
can be ascertained by requiring that the ratio of in-plane and out-of-plane thermal diffusivities 
remain constant (0.538 cm2/s). In short, the thermal diffusivity of SWCNTs is assumed to be 
temperature independent. 
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The predicted values for through-thickness λ values for virgin IM7 samples over the 
entire explored temperature range are illustrated in Figure 5.2–16. The three predicted results 
(dotted, dashed and semi-dashed lines) represent the through-thickness λ at three Cp values 
relevant to IM7 as it ages (fresh, moderately aged, oldest, respectively). The solid lines present 
polynomial trend lines for each data set and that have similar R2 values of 0.9987.  The overall 
trend from the data is that as the Cp of IM7 has a higher value, the overall thermal conductivity 
of the prepreg composite also does.  As shown in previous plots in this section, the addition of 
SWCNTs dispersed onto IM7 provides additional increases in the thermal conductivity to the 
resulting composite. 
As stated earlier, acquiring values for in-plane measurements require specimens to have 
higher through-thickness thermal diffusivities of > 0.4 cm2/s. From the theoretical models, the 
values of the through-thickness thermal diffusivity of IM7/SWCNT composite plies are 
averaging 0.025 cm2/s which is too low by a factor of 10. Based on current literature and 
available technology, experimental methods to measure the in-plane thermal diffusivities and 
in-plane thermal conductivities of the prepared samples by direct means are not possible.  
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Figure 5.2–16. Predicted through-thickness thermal conductivities for virgin IM7 from 120 to 
470 K. The predictions use estimated Cp values for oldest, moderately aged, and fresh IM7 
samples (equations 37 to 39), as illustrated with semi-dashed, dashed, and dotted lines, 
respectively.  Solid lines display fitting equations 40 to 42 on the plot. 
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5.3 FINITE ELEMENT MODELING  
 
 In this section, I report finite element modeling results for a thermal radiator having 
thermal properties for a IM7/SWCNT hybrid composite. These results are compared with those 
for similarly configured thermal radiators constructed from virgin IM7 and from Al 6016-T6, 
an aluminum alloy commonly used in heat transfer aerospace applications. For this section, 
the primary goal was to extend my experimental results to a case where such materials could 
find use in an aerospace application (e.g., a thermal radiator). Figures 5.3–1 and 5.3–2 show 
finite element modeling results for thermal radiators configured with a virgin IM7 panel on 
one side and the other constructed of the aluminum alloy or an IM7/SWCNT composite on the 
other side.  The IM7/SWCNT composite considered in the finite element modeling was one 
having a SWCNT volume fraction of 0.32.  This material exhibited the highest thermal transfer 
properties in my experiments.  
The finite element model was constructed using Thermal DesktopTM software created 
by the Advanced Concepts Team at NASA/Marshall Space Flight Center. Thermal DesktopTM 
is a modeling program that operates by performing heat balances at different individual nodes 
of the structure. The Thermal DesktopTM software was used to examine a thermal radiator as 
heat flows into it laterally and the heat is transferred into space from each node. The modeled 
thermal radiator consisted of a central cylindrical heat pipe (5 cm in diameter, and 1.0 m in 
length) that radiated heat at 300 K. The central heat pipe was connected to two panels, one on 
each side, each having dimensions of 0.5 m by 1.0 m and 3 mm in thickness (see Figures 5.3-
1 and 5.3-2).  The surface emissivity for the panels was 0.8, and the temperature of the panels 
could range from 3 to 300 K. In the simulation, the orientation of the panels faced toward the 
zenith where there would be no other solar or planetary inputs. 
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Figure 5.3–1. Finite element modeling results for a thermal radiator consisting of a central 
heat pipe at 300 K, and attached panels composed of virgin IM7 (on the left) and Al 6061-T6 
(on the right).   Heat from the radiator is transferred into space.  Physical dimensions are 
provided in the text. 
 
In the model, the virgin IM7 composite was assumed to have a through-thickness λ of 
0.66 W/m–K at 300 K.  This value was multiplied by 6 to obtain an in-plane λ of 3.96 W/m–
K at 300 K that was used in the model. The factor of 6 was selected in estimating the in-plane 
value for , based on suggestions from Hexcel Inc. for their IM7 product. I again note that 
these values had to be estimated as the in-plane thermal conductivity for these materials are 
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not available from direct measurements. For the heat capacity of IM7, its value can change 
with aging.  As such, the model used a value of 860 J/kg-K that represented the average 
expected over the lifetime of the thermal radiator.  The Cp value of 860 J/kg–K represented a 
midpoint value between that for fresh IM7 (1000 J/kg–K as reported by its supplier, Hexcel 
Inc.) and that when IM7 has been in use for several years (~750 J/kg–K).   
Figure 5.3–1 compares the thermal gradients across a thermal radiator where one side 
of the central pipe is connected to a sheet of virgin IM7 and the other side comprises a sheet 
of aluminum alloy 6061-T6. In the figure, the colors represent the temperature of the composite 
plies at specific locations as designated in the legend.  In the modeled thermal radiator, the two 
sheets shared a common boundary condition at their junction with the cylindrical pipe that is 
set at 300 K as the result of an instantaneous (Time = 0) heat pulse that comes from the sun.  
The two sheets are similarly allowed to dissipate heat to the surroundings through their 
structures.  From the simulation, the virgin IM7 panel on the left in Figure 5.3-1 shows a steeper 
temperature thermal gradient versus that for the aluminum alloy 6061-T6 on the right.  As a 
result, the virgin IM7 panel provides a much lower ability to conduct heat as evidenced by the 
darker (i.e., bluer) colors exhibited.  As such, virgin IM7 shows highly inferior results 
compared to the aluminum alloy.   
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Figure 5.3–2. Finite element modeling results for a thermal radiator consisting of a central 
heat pipe at 300 K, and attached panels composed of virgin IM7 (on the left) and 
IM7/SWCNT hybrid composite with SWCNT volume fraction of 0.32 (on the right).  Heat 
from the radiator is transferred into space.  Physical dimensions are provided in the text. 
 
Figure 5.3–2 provides a similar comparison where the thermal gradients across a 
thermal radiator of related constructions are shown.  In the figure, one side of the central pipe 
is connected to a sheet of virgin IM7 (as in Figure 5.3-1) and the other side to a sheet of an 
IM7/SWCNT composite with a SWCNT volume fraction of 0.32.  The two sheets share a 
common boundary condition at their junction with a cylindrical pipe at 300 K, and are allowed 
to similarly dissipate heat throughout their structures to the surroundings (space).  Of the two 
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materials in Figure 5.3-2, the virgin IM7 shows the steeper temperature gradient.  With the 
addition of the SWCNTs to the IM7, the temperature gradient was less steep at each individual 
node than for the virgin IM7 yielding a more conductive surface.  The result is that there is 
increased heat flow for the IM7/SWCNT composite due to the presence of the incorporated 
SWCNTs.  The heat flow through the IM7/SWCNT composite in Figure 5.3-2 is less than that 
for the Al 6061-T6 alloy in Figure 5.3-1.  A comparison between these figures suggest that 
while the composite materials prepared in this work may not achieve the benchmarks for an 
aluminum alloy, they may be suitable for some applications where the thermal properties of 
virgin IM7 are insufficient.  For aerospace applications, improvements in the heat transfer 
efficiency of IM7 could lead to useful weight savings in spacecraft and satellite constructions 
when used to replace traditional metallic alloys. 
To summarize, this research identified a process to develop SWCNTs as additives to a 
IM7 composite ply and characterized their influence on various thermal properties.  The 
SWCNTs were incorporated as stratified layers between IM7 plies.  Through measurements of 
heat capacity and thermal diffusivity for these SWCNT-containing IM7 composites, 
improvements in the overall thermal conductivity in IM7 were achieved. As IM7 ages, its 
thermal conductivity can decrease by as much as 20 percent from its initial value due to related 
changes in the heat capacity of IM7.  These decreases negatively influence the usefulness of 
IM7 in heat transfer applications; however, by the addition of SWCNTs as a dispersion to IM7, 
the overall thermal conductivity of IM7 can be made to overcome these losses and exceed 
values for virgin IM7. For these IM7/SWCNT composites, their interfacial resistance is 
reduced as the SWCNTs have a dominating influence on the phonon mean free paths to 
produce higher thermal conductivities throughout the prepreg structure. For the practical use 
of the IM7/SWCNT composites, another consideration is the coefficient of thermal expansion 
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for such composite materials.  At elevated temperatures, the composite coefficient of thermal 
expansion increases (swells). As a result, the surface area increases in the composite and more 
greatly affects the mean free path than do the carbon nanotubes.  Adversely, in certain 
processes (heat shields, thermal fins, efficient thermal radiators, etc.), having high thermal 
conductivities at lower temperatures are optimum.  
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CHAPTER VI 
CONCLUSIONS 
 
By introducing randomly single-walled carbon nanotubes (SWCNT) as an additive in 
IM7, the thermal conductivity of the resulting hybrid composites can be increased above their 
value for the virgin material. These novel composite structures were processed and 
characterized to improve their thermal properties. At the low temperatures encountered in 
outer-space environments, the addition of SWCNTs increases the thermal conductivity of IM7 
composites by their presence. The interface resistance may play a role in the low thermal 
conductivities for these organic materials. This study showed that the addition of randomly 
oriented SWCNT as stratified layers within IM7 composites contributes to larger conductivity 
values that positively impact thermal transfer. The measured through-plane values are 
consistent with modeling results developed in this work.  These models also predict that 
increases in the in-plane thermal properties of the IM7 composites by SWCNTs to be at least 
as high as the increases in the measured through-plane values that provided verification to the 
models. Highly efficient, directional heat dissipation is required for many components, pipes, 
and heat exchangers that comprise the thermal transfer and thermal control systems 
architectures in such systems such as those developed for the heavy-lift rocket under the Space 
Launch System (SLS) capability.  Hence, the methods used in this work to add SWCNTs to a 
composite could offer an approach to positively impact the performance, capacity, reliability, 
and safety of future space vehicles. 
Further studies should be done to assess the effect of using oriented SWCNTs as well 
as non-oriented and oriented multi-walled CNTs on the thermal properties of such hybrid 
composites.  Related investigations on the use of different mixtures of solvents/acids to better 
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disperse the CNTs onto the IM7 prepreg composites would also be valuable. The development 
of an automated spray process would be essential for controlling the amount of CNTs deposited 
onto the prepreg composite and the resulting properties of the final composite structures. 
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